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Summary 
This thesis covers various aspects of quality control of traditional Chinese 
herbal medicines with NMR fingerprinting as the analytical platform. In Chapter One, 
a brief comparison between the holistic approach of traditional Chinese medicines 
(TCMs) and the reductive mechanism of Western drugs is given to illustrate the 
problems associated with the application of conventional quality control methods on 
herbal plants. Selected examples on various fingerprinting techniques are given to 
demonstrate the versatility and advantages of this strategy over the ‘marker-
approach’ of quality measurements. 
Chapter Two describes the use of NMR fingerprints in the identification of 
unknown herbal samples. Since no chromatographic or electrophoretic separation is 
required, high throughput screening can be achieved with the spectroscopic 
fingerprinting. A databank can be established based on medical plants obtained from 
GMP-compliance sources and this library can be subsequently used as a benchmark 
for similarity comparison and classifications. Various discriminant analysis models 
were tested and optimized to allow maximum characteristic features to be included to 
allow botanical identity recognition.   
Chapter Three deals with the analysis of herbal mixtures. Through 
establishing the correlation between certain unique patterns in the spectral 
fingerprints and the herbal composition in a mixture with multivariate models, 
authentication and relative quantification of unknown mixtures can be achieved with a 
pre-acquired fingerprint library. This strategy is useful for both the detection of herbal 
adulterants and the quality control of TCM formulae.  
In Chapter Four, the application of NMR fingerprinting-chemometrics strategy 
is further extended to the detection of small foreign substances. This study attempts 




viii |   
 
orthodox drugs or contamination with agrochemical residues. Multivariate models 
were constructed based on series of ‘contaminated’ samples so that the feasibility of 
differentiating structurally similar foreign substances and detecting very small bio-
active molecules could be demonstrated. 
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Abstract 
This thesis covers various aspects of quality control of tradition Chinese 
herbal medicines with NMR fingerprinting as the analytical platform. In Chapter One, 
a brief comparison between the holistic approach of traditional Chinese medicines 
(TCMs) and the reductive mechanism of Western drug is given to illustrate the 
problems associated with the application of the conventional quality control methods 
on herbal plant. Selected examples on various fingerprinting techniques are given to 
demonstrate the versatilities and advantages of this strategy over the ‘marker-
approach’ of quality measurements. 
Chapter Two describes the use of NMR fingerprints in the identification of 
unknown herbal samples. Since no chromatographic or electrophoretic separation is 
required, a high throughput screening can be achieved with the spectroscopic 
fingerprinting. A databank can be established based on authentic medical plants and 
this library can be subsequently used as a benchmark for similarity comparison and 
classifications. Various discriminant analysis models were tested and optimized to 
allow maximum characteristic features to be included to allow botanical identity 
recognition.   
Chapter Three deals with the analysis of herbal mixtures. Through 
establishing the correlation between certain unique pattern in the spectral fingerprints 
and the herbal composition in a mixture with multivariate models, authentication and 
relative quantification of unknown mixtures can be achieved with a pre-acquired 
fingerprint library. This strategy is useful for both the detection of herbal adulterants 
and the quality control of TCM formula.  
In Chapter Four, the application of NMR fingerprinting-chemometrics strategy 
is further extended to the detection of small foreign substances. This study attempts 
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orthodox drugs or contamination with agrochemical residues. Multivariate models 
were constructed based on series of ‘contaminated’ samples so that the feasibility of 
differentiating structurally similar foreign substances and detecting very small bio-









In the past few decades, there has been a shift of paradigm in the medical 
world. Traditional herbal medicines, which were previously regarded as old-fashioned 
folklore, are now considered as new hope for drug discovery or therapeutic remedy.[1]  
According to a report by WHO, about 80% of the world population rely on these 
medicinal plants either as their primary health care or as complementary medicine to 
the Western drugs.[2] Such high global demand had generated annual revenue of 
over US$10 billion in China and about US$5 billion in Western Europe and this 
constantly growing market was projected to reach a value of US$400 billion by this 
year.[2, 3] This phenomenon of rapid growing interest cannot be explained simply by 
the trend of ‘back-to-the-nature’ but rather, the possible therapeutic effects that have 
been observed in the use of botanical medicine in the treatment of certain chronic 
diseases. [4, 5] In addition to this, medical plants provide a rich source of structurally 
diversified, biologically active phytochemicals with around 40% of which cannot be 
represented by synthetic compounds, not even with the help of combinatorial 
chemistry.[6] All these contributing factors have once again put traditional herbal 
medicine under the spotlight by the scientific research committee as a source of new 
drug candidates. In fact, around 50% of western drugs are derivatives of natural 
products,[7] and some well-known therapeutic phytochemicals include artemisinin 
from Artemisia annua for the treatment of malaria,[8-11] paclitaxel or taxol from Taxus 
brevifolia for cancer therapy,[12, 13] and galanthamine from the Amaryllidaceae family 
for Alzheimer’s disease.[14, 15] Despite all these benefits, the use of botanical drugs as 
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inconsistent quality.[1, 8, 16] The recurring incidents of misidentification and adulteration 
have not only results in the loss of consumer’s confidence in the medications but also 
hampered the continual scientific progress due to the lack of repeatability of 
experimental results.[1, 16-18] 
In this project, we are interested in developing various approaches to 
evaluate the quality of herbal medicines, with special reference to traditional Chinese 
herbal medicines. According to the definition given by WHO, traditional medicine can 
be defined as: 
“ the sum total of the knowledge, skills, and practices based on the theories, beliefs, 
and experiences indigenous to different cultures, whether explicable or not, used in 
the maintenance of health as well as in the prevention, diagnosis, improvement or 
treatment of physical and mental illness.”[19] 
In this context, traditional Chinese medicine (TCM) includes a range of therapeutic 
practices from Chinese herbal medicine, acupuncture, massage (e.g. Tui Na and 
Shiatsu), Channel therapy (e.g. moxibustion), Tieh Ta, fire cupping and dietary 
therapy.  Similar to other traditional medicine, herbal medicine is the most popular 
treatment of all and for the convenience of discussion,[2] we will be using the term 
“Traditional Chinese medicines” interchangeably with Chinese herbal medicines in 
the subsequent parts of this thesis. 
 
1.1 General Concept of Traditional Chinese Medicine 
 
The history of traditional Chinese medicine can be traced backed to 200 B.C. 
when the oldest Chinese medical text extant, the Yellow Emperor’s Inner Classic or 
the Inner Classic, was written.[20] Although there is limited emphasis on the use of 
herbal medicine, the philosophy of ‘holism’, which provides a theoretical foundation 
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addressed. According to the Inner Classic, a person is part of nature and he is 
related to the cosmos through natural law. His physical state of health is a natural 
phenomenon that is governed by the balance between multiple complementary 
forces, Yin and Yang or the Five Phases.[19, 21, 22] Since an illness is a result of a 
disturbance of this dynamic balance, the complementary forces are required to 
restore the harmonic condition which was addressed in the Inner Classic that “hot 
diseases must be cooled, cold disease must be warmed.”[19, 20, 23] 
Although the principle of TCM has been established long ago, the written 
record emphasizing on herbal medicine emerged much later in the first A.D. in the 
Divine Husbandman’s Classic of the Materia Medica. The earlier edition of this book 
mainly elaborates on the characteristics or the ‘taste’ of medical plants, while the 
concept of herbal classification was introduced only in the later compilation by Tao 
Hong-Jing in the 6th century A.D. who had provided a description of various 
properties of medical plants, viz. the taste, temperature characteristics, toxicity and 
medical effects of each entry. In this later edition, classification of botanical 
medicines were also mentioned and the herbs were divided into three classes 
according to their functions in the body.[20, 24] Among the properties of herbs, the 
temperature characteristic, namely hot, cold, warm cool and neutral provides a hint 
on the suitability of the use of a medical plant in clinical treatment, while the taste of a 
herb which can be acrid, sweet, bitter, sour and salty is related to the Yin Organs.[19] 
The relation between the action of the herb towards the a specific organ was further 
developed by Zhang Yuan-Su in his books of “Origins of Medicine” and “Pouch of 
Pearls” which stated that the therapeutic effect exerted by a herb is dependent on its 
taste and the Phase of the related organ. Since then, the study of the herbs has 
expanded in various directions which provide a better understanding of the 
interconnections between the medical plants, their properties, curative effects, 
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While there has been a continual interest in the identification of new herbs for 
clinical use and exploration of new applications for existing herbs, the idea of 
combining herbs for therapeutic treatment has been mentioned in the Inner 
Classic.[20] The principle of herbal prescription formulation involves an orderly 
arrangement of ingredients in a form of feudal hierarchy. The lord is the prime 
ingredient which is responsible for the main therapeutic effect of the formulation while 
the ministers play the role of synergizing the pharmacodynamic action of the lord or 
serve as the main component in the treatment of secondary diseases or patterns.[20, 
24-26] Adjutants can function as additional forces to enhance the potency of the lord 
and ministers, neutralize the accompanying toxicity of the lord and ministers, as well 
as, reduce the uncomfortable symptoms. Messengers guide the rest of the 
components to act through specific channels and focus on particular targets in the 
body, or provide a harmonizing effect. However, it is important to emphasize that this 
principle merely serves as a guideline. It is not necessary for a prescription to contain 
all the levels of the hierarchy and a single herb can often exhibit multiple functions.[20]  
In any case, TCM works in a synergic mechanism that the overall efficiency of a 
prescription is the interactive effect of all components. No single active component in 
a TCM or a herb in a TCM formula is responsible for the overall efficacy.  
The concept of TCM and its therapeutic principles discussed in this section 
are far from complete and it is beyond the scope of this thesis. However, it is not 
difficult to realize that the holistic approach of TCM works in a totally different concept 
from Western medicines. While the former attempts to cure an illness by restoring the 
balance of forces within the body, the latter develops medications for the treatment of 
a specific type of disease. On one hand, the formula of the TCM prescriptions has to 
be adjusted according to the state of health of each individual. However, on the other 
hand, precise standardization is necessary for Western medicine so that the same 
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variation that has posed significant challenge in applying the western reduction 
methodology of research to study the traditional Chinese medicines.[1, 4, 20, 27]  
 
1.2 Quality Control of Traditional Chinese Medicines 
 
In view of the great success achieved by the reductionistic approach in the 
exploration and development of Western medications, the research methodology 
applied on studies of traditional Chinese medicines has been modeled after the 
evidence-based deductive research methodology.[8, 28] Despite the discrepancy in the 
fundamental principle of therapeutic actions, TCM was treated the same way as 
single-entity chemical drugs. Individual phytochemicals were separated and 
evaluated without the consideration of possible synergetic effects of these medical 
plants.[16, 26, 29-33] These isolated bio-active components are not only used in the 
explanation of the pharmaceutical properties of herbal medicines but also employed 
as the markers for the quality assessment. However, there are limitations to this 
approach and the fingerprinting concept is gaining importance in quality control of 
herbal medicines. The following sections give an overview of these major 
approaches. 
 
1.2.1 The ‘Marker-based’ Approach to Quality Control 
Similar to the conventional methods for the standardization of laboratory-
synthesized medicines, the marker approach emphasizes on the precise qualitative 
and quantitative measurements of well-characterized, single chemical entities. 
However, this strategy has faced significant challenges in its application on botanical 
drugs. In intrinsically convoluted nature, there exists virtually hundreds or even 
thousands of structurally and chemically diversified entities with poorly defined 
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separation and isolation, as well as the laborious structural elucidation and 
dereplication procedures, the identification of all bioactive components present in a 
herb, with their physicochemical properties defined, are almost impossible with the 
current technology, not to mention all the medical plants being used. The evidence of 
limited chemical makers available for identification is observed in the field of TCMs. 
Although a total of 551 herbal species have been included in the Chinese 
Pharmacopoeia (2005 edition), only 282 chemical markers have been listed for TCM 
identifications.[39, 40] Furthermore, these markers may not be unique to individual 
herbal medicine. For instance, chlorogenic acid is used as the marker for Flos 
Lonicerae, Folium Eucommiae, Flos Chrysanthemi, Folium Pyrrosiae, Flos Loniceae 
Japonicae and Herba Saussureae Involucratae while the biomarker of Radix 
Angelicae Sinensis, namely, Z-ligustilide could also be found in Radix Ligustici 
chuanxiong.[40, 41] With the marker approach, not only will the identity confirmation 
among these plants be impossible, but the synergistic contribution by other 
pharmaceutically indirect active or inactive components will be neglected in the 
quality evaluations.[29, 32, 34, 42-45] 
The situation is further aggravated by the seasonal and geographical 
fluctuations of quantities among the secondary metabolites which are often involved 
in various survival related actions.[8, 18, 23, 29, 37, 44, 46-56] In earlier study on Radix 
Angelicae Sinensis by Zhao et. al.,[57] the amounts of active ingredients, namely 
ferulic acid and Z-ligustilide, were found to fluctuate between 1.5 to 2 fold in 
magnitude among samples collected from different regions within the province of 
Gansu and 3-4 times among samples collected from different provinces of China. In 
another study conducted by Fukusaki and co-workers on metabolic profiles in 
Angelica acutiloba Kitagawa roots, difference in the content of caffeine, lactose, 
reducing sugar, arginine and sucrose were observed among samples obtained from 




| 7  
 
example, the authors explained such discrepancy in chemical composition is related 
to the climate-dependence of root respiration rate.[58] A decrease in temperature will 
slow down the root respiration rate which, in turns, increases the relative content of 
reducing sugar and organic and inorganic components in the roots.[59] As no standard 
guideline has been provided for the allowance given to such geographical 
dependence of marker content, the quality could still deviate significantly between 
sources of herbs.  
Another problem related to the marker-based approach lies with the arbitrary 
quantity of marker specified in the Pharmacopoeia for the verification of the identity of 
medical plants.[8] For instance, the guidelines given for the quality evaluation of the 
Radix Polygoni Multiflori and its processed product, Radix Polygoni Multiflori 
Praeparata are based on the amount of 2,3,5,4’-tetrahydroxystilbene-2-O-β-D-
glucoside present in the extract. To certify a herbal sample as the former, there must 
be a minimum amount of 1.0% of the above mentioned stilbene glucoside while the 
latter requires the presence of at least 0.7% of the same compound.[39] Since there is 
a limited understanding of the conversion of the detoxifying Radix Polygoni Multiflori 
to the anti-aging Radix Polygoni Multiflori Praeparata, there is insufficient evidence to 
justify these arbitrary values for quality assessment. In any case, the small difference 
in the quantity requirement of 0.3% could easily result in the misidentification of the 
two medical plants with different therapeutic properties. Further, such a marker 
approach could possibly invite adulteration through spiking of pure components into 
plant extract to meet the standard guidelines.[32, 34, 45] In an analysis conducted on 19 
commercial products of Ginkgo biloba, Xie and co-workers have observed 
abnormalities in three samples based on the similarity studies of their 
chromatographic profiles relative to the rest of the samples.[32] Upon further 
evaluation, anomalously high content of rutin was observed across all the three 
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flavonoid to meet the total flavonoid content of 24% or higher as stated in the 
Chinese Pharmacopoeia. 
 
1.2.2 The ‘Fingerprinting’ Approach to Quality Control 
In view of the shortcomings of the marker-based quality evaluation for 
medical plant, the verification of herbal plants through fingerprinting techniques is 
recommended by various regulatory bodies, WHO,[60] EU,[61] FDA  and SFDA.[62-64] In 
this approach, the medicinal plant is analyzed as a single moiety with its components 
being globally characterized regardless of their medical relevance.[23, 41, 65, 66] This 
preserves the synergetic mechanism of the herbal material in therapeutic actions. 
Since the overall spectroscopic or chromatographic patterns, or the so-called, 
phytoequivalences, are evaluated and no signal assignment is required, the need for 
the tedious isolation and laborious structural elucidation process for marker 
identification, as well as, precise quantification with standard reference materials 
could also be eliminated.[67] Adulteration through intentional spiking of the several 
known markers could also be prevented as massive numbers of components are 
considered in the quality assignment regardless of their pharmaceutical role and the 
absolute quantity present.[32] 
Generally, fingerprinting of a herb can be expressed in the form of molecular 
biological profile, such as DNA patterns or an array of physicochemical responses as 
reflected in chromatograms and spectra. Although the genetic fingerprinting 
approach is beyond the scope of this thesis, it is important to emphasize its 
importance in the authentication of botanical identities. Unlike the secondary 
metabolic composition, which are susceptible to the changes in environment,[46, 47] the 
genetic information is independent of these extrinsic factors and marker primer can 
be defined for the verification of a species even in complex herbal mixtures.[68] In a 
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hepatocellular carcinoma cell (HepG2) has even been used to differentiate batches 
of TCM formulation through PCR quantitative analysis.[69] However, the extensive use 
of this technique is limited by the thermal stability of the biomolecules. Steaming or 
frying at high temperature is often employed in the preparation of TCM decoctions 
and genetic information can be easily destroyed under such harsh conditions.[20]  
 
1.2.2.1 Chromatographic and Electrophoretic Fingerprinting  
Quality control through chromatographic fingerprinting has been widely 
accepted and recommended by regulatory bodies worldwide.[60-62] In fact, the China 
State Food and Drug Administration (SFDA) enforced a regulation in 2004 on the 
quality assessment of herbal injection in which chromatographic or spectrometric 
fingerprinting assays are mandatory for quality monitoring throughout the entire 
preparation process which include the standardization of raw material to the final 
product analysis.[63, 64] Although fundamental differences in the fingerprint approach 
compared to the marker-based analysis have been mentioned in the earlier section 
of this chapter, fingerprinting does not denote use of the special equipment or 
techniques. Instead, it is about a unique way of data evaluation. It can simply involve 
an array of spectroscopic responses or encompass the series of detection signals 
obtained after separation of the mixture of phytochemicals. While the term 
‘separation’ encompasses a whole range of techniques from chromatography to 
electrophoresis, the choice of method is highly dependent on the chemical nature of 
the analytes. 
Planar chromatography is desirable for the simplicity, low operational cost 
and flexibility for multiple detection methods.[70, 71] Its capability for parallel analysis 
enables techniques such as thin layer chromatography (TLC) to be employed as a 
high throughput screening method. With the development of stationary phase of 
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chromatography (HPTLC) in terms of reproducibility, sensitivity and separation 
efficiency have vastly improved in relation to the conventional TLC. Xie and co-
worker have demonstrated the capacity of HPTLC in the analysis of Panax 
species.[32] The unique ginsenoside profiles obtained not only allow species 
differentiation between Panax ginseng C.A. Mey, Panax quinquefolium and Panax 
notoginseng in a single separation, but also the evaluation of the extract preparation 
procedures and the quality of commercial multi-ingredients ginseng samples. 
According to their study, the quantity of primary ginsenosides were either reduced 
drastically or totally missing in the ginseng extract and the commercial samples of 
Sheng Mai Yin. This could signify the sub-optimum treatment procedures or a lack of 
conformity to the regulatory standards. However, the practical applications of both 
TLC and HPTLC have been limited by their low quantification accuracies as 
compared to other chromatographic techniques. 
Gas chromatography (GC) is known for its superior separation efficiency and 
has been the method of choice in the analysis of essential oil in plants, such as Flos 
Chrysanthemi indici and flowers of Artemisia argyi.[73-75] Although flame ionization 
detection (FID) is commonly used in quantification of volatile organic substances, 
popularity of mass spectrometry (MS) has increased over the years due to its 
additional functionality of chemical component identifications via. established mass 
spectrometric library. However, its restriction to volatile samples has limited its 
applications in plant analysis. As less than 20% of organic compounds can be 
analyzed directly in the gas phase separation, derivatization is necessary to widen 
the scope of application which, in turn, complicates the sample preparation 
procedures. Nevertheless, there have been several reports involving the use of GC 
for fingerprinting of TCM.[76-79] Due to similarity in the Chinese nomenclature of herbs, 
namely Radix Vladimiriae, Radix Inulae, and Radix Aristolochiae and their physical 




| 11  
 
these series of herbs possess different medical properties and, even toxicities, Shum 
and coworkers have developed the GC-MS fingerprints based on the essential oil 
extracts of these medical plants.[78] As much as 132 chemical components have been 
observed in these essential oil extracts and unique markers have been identified. 
Hierarchical clustering analysis was also conducted based on the normalized area of 
peaks observed and samples of the same class were nicely clustered together which 
justified the use of GC-MS fingerprints for authentication. In another study by Ruan et. 
al.,[79]  the gas phase chromatographic fingerprint of Fructus xanthii was established 
based on the extract obtained through microwave-assisted extraction. The developed 
analysis method facilitates not only the verification of the botanical identity, but also 
identify the possible components that are responsible for the change in 
pharmacological and toxicological property of crude and toasted Fructus xanthii 
based on the emergence and disappearance, as well as the fluctuations of area 
among peaks observed in the chromatogram. This shows the potential application of 
fingerprinting in both the area of quality control and the understanding of therapeutic 
function of chemical components. 
Relative to the other modes of separation, liquid chromatography (LC) has 
been the popular choice of technique in TCM analysis. This could be due to the wide 
sample range that it can cover, as well as the availability of a good selection of 
stationary phases and detectors.[23, 35] Non-polar components can be separated 
through normal-phase chromatography while the polar compound can be analyzed 
by reverse-phase system, or hydrophilic interaction liquid chromatography (HILIC).[80, 
81] Furthermore, depending on the instrumental setup and the column used, LC can 
operate in both preparative and analytical scales which allow isolation or qualitative 
analysis.[70] There have been an enormous number of publications related to the 
development of TCM fingerprinting with various LC methods.[77, 82-96] Depending on 
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program and detection mode, numerous strategies have been proposed for a single 
herb. In a recent review, Li et. al. have consolidated as much as 14 reports on the 
various ways of acquiring chromatographic fingerprints of Salviae miltiorrhizae Radix 
et Rhizoma.[97] DAD and high resolution mass spectrometry, such as time-of-flight 
mass spectrometry (TOF-MS) are often coupled to the LC system to enhance the 
quality of the data and information incorporated in the chemical profile.   
Capillary electrophoresis (CE) presents an interesting alternative to LC due to 
its versatility and high separation efficiency. Instead of separating compound through 
various adsorption and partition mechanisms in chromatography, CE separates 
analytes based on their electrophoretic mobilities under the influence of an electric 
field.[98, 99] Capillary zone electrophoresis (CZE) presents the simplest mode of CE 
which enables analysis of both cationic and anionic species in a single run with the 
presence of electroosmotic flow (EOF). A change of separation mechanism can be 
easily induced by modifying the composition of the buffer system. Separation of 
neutral species can be performed by micellar electrokinetic chromatography (MEKC) 
or microemulsion electrokinetic chromatography (MEEKC) where surfactant and/or 
oil droplets are added into the CE system as a pseudo-stationary phase while C18-
particles or gel can be introduced into the capillary for capillary 
electrochromatography (CEC) or capillary gel electrophoresis (CGE) where samples 
are separated based on partition or size exclusion mechanisms.[100-103] The flexibility 
in separation mode enables the analysis of charge and neutral, small or 
macromolecules without the need for expensive columns. Due to the short path 
length of the capillary, various stacking and sweeping techniques have been 
proposed to enhance the sensitively of optical detections in CE.[104-108] Through the 
use of non-aqueous capillary electrophoresis (NACE), detection can be performed 
via. coupling to MS detector which allows second dimensional information to be 
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qualitative and quantitative analysis of a diverse class of natural products including 
alkaloids, flavonoids, anthraquinones, catechins and lactones.[111-115] Although its 
applications in fingerprinting of herbal plants are not as extensive as LC, there are 
numerous publications on this area of study.[116-121] Sun et. al. has reported the use of 
CZE in the fingerprinting of Flos Carthami, a common herbal medicine used in the 
treatment of uterine congestion, cardiovascular diseases and high cholesterol.[117] 
The fingerprints were found to be fairly consistent among samples from nine sources 
and common adulterants, namely, Stigma Croci and Flos Hemerocallis were 
successfully discriminated through the comparison of the electrophoretic profile. 
Despite the extensive use of chromatographic and electrophoretic techniques, 
direct visual comparison between the resulting chromatograms or electropherograms 
has been a challenge due to the run-to-run variations. The fundamental parameters 
used in the description of chromatographic or electrophoretic features are the 
retention time and the response of the analytes. However, the inevitable fluctuations 
in instrumental performance, such as pump, operation voltage, injection volume, 
minor variation in mobile phase composition during preparation and change in 
column chemistry or capillary conditions due to degradation or adsorption will result 
in drifting of retention time and baseline.[16, 33, 122-125] Hence, retention or migration 
time correction is often conducted through synchronization prior data evaluation. 
Numerous methods have been developed for the chromatographic analysis and 
similar approaches can be applied for CE studies. These methods often involve the 
use of internal standard or retention time window which work reasonably well when 
the chemical profiles are similar.[124, 126, 127] However, as the complexity of the 
chromatogram increases and fluctuation in chemical composition become severe due 
to external factors, such as seasonal and geographical variation, extra precaution 
has to be taken when corrections are made based on the correlation coefficient 
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observed in the chromatograms, any changes in chemical profile can induce 
significant error in peak alignments.[128] In this case, the information obtained from the 
second-dimension of the hyphenated-system such as DAD or MS will be useful in 
retention time correction.  Techniques such as spectral correlative chromatogram 
make use of the comparison of the second-dimension information, namely UV 
spectra in DAD and mass spectra in MS, which expressed as the correlation 
coefficient curve identifies common components between fingerprints and the local 
least squares regression model (LLS) will be used subsequently to correct the shift in 
retention time in a piecewise manner.[129-132] 
 
1.2.2.2 Evaluation of Chromatographic Fingerprinting  
Chromatographic fingerprints usually assessed by the similarity study and the 
correlation coefficient and/or the cosine of the vectorial angle are recommended by 
National Commission of the Chinese Pharmacopoeia (NCCP) for such purpose for 
examination of the similarities between chromatograms.[133] The cosine of the 
vectorial angle can be calculated based on: 




   …(1.1) 
where ݔ௜௞and ݔ௝௞ represent the ݇ݐ݄ variant of the ݅ݐ݄ sample and standard fingerprint 
respectively, and ܲ is the number of peaks.[88] A larger value of ܿ݋ݏ ∝௜௝ (range 0 < 
ܿ݋ݏ ∝௜௝  < 1) indicates a higher degree of similarity between the two fingerprints. The 
correlation coefficients, ݎ , of each fingerprint can be calculated based on the 
formula:[33] 
ݎ	 ൌ 	 ∑ሺ௫೔	ି௫̅ሻሺ௬೔ି௬തሻሺ∑ሺ௫೔ି௫̅ሻమሻమሺ∑ሺ௬೔ି௬തሻమሻమ 	ሺ݅ ൌ 1, 2, …݊ሻ  …(1.2) 
where ݔ௜ , ݕ௜  are the ݅ݐ݄ elements in two different fingerprints, ݔ and ݕ, respectively 
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values of the ݊  elements in fingerprints , ݔ  and ݕ , respectively, which can be 
calculated based on the formulas:   
̅ݔ ൌ 	 ∑௫೔௡  and ݕത ൌ 	
∑௬೔
௡  respectively. 
Similar to the cosine function, the similarity increased as the coefficient approach 1, 
the identity. Such an approach has been employed by Cao et. al. in their evaluation 
of Shuang–Huang–Lian (SHL) oral liquid and their raw materials, namely Radix 
Scutellariae, Fols Lonicerae and Fructus Forsythiae.[134] In this study, two species of 
Radix Scutellariae were introduced in the analysis of these raw materials and the two 
samples of S. amoena Wrights were successfully distinguished from the remaining 
eight samples of S. baicalensis Georgi based on the differences in correlation 
coefficients.  
However, the definition of the reference chromatogram and the threshold 
allowed for deviations remains the major issue that have yet to be address. In most 
applications,[88, 90, 134] the reference chromatograms were generated based on the 
median chromatographic fingerprint of the sample set which could be rather 
subjective and dependent on the scale of analysis.[33] As mentioned previously, the 
secondary metabolites observed in a medical plant could be highly dependent on 
external factors and therefore, it is almost impossible to generate identical 
chromatographic fingerprint even between plants of the same species. However, 
there is no guideline given on the allowed deviation from the reference 
chromatogram.[135] To resolve this series of problems, the chemical pattern 
recognition method or the chemometrics approach was proposed.  
In multivariate analysis, principal component analysis (PCA) is on the verge of 
becoming the routine processing method for the evaluation of metabolic fingerprints. 
In this approach, data which can be represented in dimensional spaces, are reduced 
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similarity and this information is presented in a form of score scatter plots while the 
underlying features, such as trends and differences among variables, will be 
captured and indicated in the loading plot. Since no prior knowledge regarding the 
class membership is required for PCA, an unbiased overview of natural clustering 
among chemically similar samples can be generated which enables both the 
classification of plant materials and detection of adulteration.[37] In a study of 39 
authentic samples and 21 commercial samples of Pericarpium Citri Reticulatae and 
Pericarpium Citri Reticulatae Viride by Yi and co-workers,[88] PCA was found to be a 
superior method over comparison based on correlation coefficient in the quality 
control of the herbal dried peels. In the former, differentiation of the ‘mixed peels’ 
samples from authentic samples could be easily observed from the score plot 
constructed based on chromatographic fingerprints while the mean correlation 
coefficients across groups were around 0.99, which  could not provide a significant 
indication of the presence of adulterant.  
Various discriminative analyses such as soft independent modeling of class 
analogy (SIMCA) and projection to latent structure discriminant analysis (PLS-DA) 
have also been developed that enable the identification of herbs based on a pre-
established database or ‘training set’.[138] Prior information, such as the class in which 
a sample in the ‘training set’ belongs to, has to be provided. SIMCA involves the 
building of the chemical pattern model based on individual class of authentic samples 
that are mapped by a multitude of variables while PLS-DA describes the variable 
information that significantly affects the class separation.[133, 139-141] In both cases, new 
observations will be evaluated based on similarity or dissimilarity to the members of 
the existing classes and the probability of membership will be calculated. Depending 
on the confidence level required, classification of new observation can be determined 
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Despite all these strategies, chromatographic and electrophoretic 
fingerprintings suffer from long analysis time, lengthy pretreatment of samples and 
poor reproducibility across system. Liang and co-worker have demonstrated the 
effect of a change in column manufactured by two different vendors on the LC-DAD 
of the same G. biloba sample.[33] Serious retention time drifting has been observed 
which makes direct comparison infeasible. Furthermore, although various techniques 
can be employed for retention or migration time corrections as mentioned previously, 
the time spent on these processes will be tremendous. To enhance the overall 
throughput, spectroscopic fingerprint have been proposed.[53, 142, 143]  
 
1.2.2.3 Spectroscopic Fingerprinting  
Spectroscopic methods offer unique features and advantages as compared to 
the above mentioned separation techniques. They allow high throughput study with 
short analysis time and minimal sample preparation. Furthermore, the non-
destructive nature of most of the spectroscopic techniques allows sample recovery 
for further analysis if necessary. 
Infrared spectroscopy (IR) typically operates in the range of 4000-400 cm-1. 
With the technology of Fourier transformation, scan time can be as short as 0.1 to 1 s. 
Analysis can be performed based on a KBr pellet prepared with the mixture of dried 
solvent extracts or powdered herbal samples. Based on the different bond stretching 
and bending of various components present in the herbal mixture, the complex IR 
spectra can serve as a characteristic fingerprint of the sample.[144] The simplest form 
of evaluation can be performed through comparing the peak shape and their relative 
intensities with reference samples. Adulterant or substituent can be identified through 
visual inspection, correlation coefficients or various chemometrics approach.[145-151]  
To amplify the difference in minor changes and improve the resolution of the spectral 
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Another approach of IR fingerprint is based on the 2D correlation analysis which 
allows the decomposition of the overlapping peaks and thereby revealing the 
interactions of functional groups within and between molecules.[151-153] Zhou and co-
workers have applied this strategy in their analysis of a herbal injection, ‘Qing Kai 
Ling’.[153] With the disappearance of autopeak at 1667 cm-1 and the reduction in the 
size of the band in 1059 cm-1, the deterioration process of this injection was found to 
be caused by the oxidation of the flavone compounds and the decomposition of the 
glucoside components.  
There has been a rapid technological development in the field of mass 
spectrometry (MS) over the past decades which is driven by the demand for faster 
and higher resolution detection system by the industry and the advancement in 
various proteomics and metabolomics research. To enhance the versatility of MS, 
various ionization methods have been developed. They include electron impact (EI), 
chemical ionization (CI), fast-atom bombardment (FAB), atmospheric-pressure 
ionization (API) which encompasses electrospray ionization (ESI) and atmospheric 
pressure chemical ionization (APCI) and matrix-assisted laser desorption/ionization 
(MALDI). Depending on the required sampling speed, mass accuracy and resolution, 
mass analyzer such as quadrupole, ion trap, time-of-flight (TOF), orbitrap and 
magnetic sector can be selected. In the recent trend of mass spectrometry, these 
analyzers can be coupled to allow structural elucidation based on neutral loss and 
daughter ions observed in sequential fragmentations. In medical plant analysis, MS is 
often used as the detector of a hyphenated method, such as LC-MS, GC-MS and 
CE-MS. Unpredictable ion suppression can be one possible reason for the limited 
use of MS as a direct fingerprint acquisition system. Nevertheless, Politi et. al. have 
reported on the quality control of herbal tinctures through fused injection MS 
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through the nominal mass and confirmation can be performed using MS/MS analysis 
while the observed fingerprints allow stability evaluation of the herbal tinctures. 
Nuclear magnetic resonance (NMR) spectroscopy can be considered as the 
most powerful structural analysis technique.[70] It has emerged as an attractive 
alternative platform for metabolite fingerprinting due to its non-selective nature, 
simpler sample preparation and high resolution spectra.[48, 53, 55, 65, 154-157] Since all 
proton-bearing species at reasonable concentration are detected, an unbiased profile 
with significant structural information can be acquired in short analysis time.[34, 42, 43, 48, 
156, 158-160] Direct quantification is also feasible with the addition of suitable internal 
standard.[53, 154, 158, 161-165] Two-dimensional NMR (2D-NMR) can also be performed 
through the introduction of two separate radiofrequency pulses with different 
increments between pulses.[166] With this approach, a series of NMR experiments 
such as correlation spectroscopy (COSY), heteronuclear multiple bond correlation 
(HMBC) experiment, heteronuclear single quantum coherence (HSQC) experiment, 
diffusion ordered spectroscopy (DOSY) and  total correlation spectroscopy (TOCSY) 
can be used to assist in the structural elucidations of unknown components.[49, 163, 164, 
167] Most importantly, the intrinsic high reproducibility of NMR spectrum across 
instruments allows the construction of a reliable spectroscopic databank.[168, 169] The 
first few reports on the use of NMR in fingerprinting of plant extracts can be found as 
early as 1980s by Kubeczka and Formácek.[170] Subsequently, there have been 
numerous reports on the implementation of NMR analysis of herbs in 
chemotaxonomy.[37, 48, 49, 53, 55, 158, 160, 161, 171-175] Lee and co-workers have conducted a 
qualitative and quantitative NMR study of Panax species obtained from various 
sources in China and Korea.[53]  Resonances were identified through database and 
metabolites were quantified with reference to an internal standard. The fingerprints of 
various samples were compared through the use of PCA and PLS-DA and the 
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result was subsequently compared with the former quantitative profiling approach 
and allowed the identification of biomarkers. Interesting, the ginsenosides content, 
which is typically used for quality control of ginseng was found to be very similar 
among Asian ginseng varieties while the reported fingerprint approach allows 
discrimination between these samples based on the primary metabolites, such as 
coumarate, glucose, fumarate, and various amino acids.  This once again proved the 
superiority of fingerprint approach over the marker strategy. 
 
1.3 Scope of the Thesis 
 
NMR has emerged as an important analytical technique for metabolomics 
studies. The nonselective nature of 1H-NMR allows extensive information to be 
included in spectral fingerprints and the intrinsic high reproducibility of the system 
enables the establishment of libraries and models for long-term usage. Since these 
characteristics are essential elements for the establishment of quality system of 
herbal medicines, NMR was chosen as the platform for our project. Hence a high 
throughput screening (HTS) method based on NMR fingerprinting was developed in 
this project for the quality control of traditional Chinese medicines. 
Identification of raw materials is one of the most crucial aspects in any quality 
assurance system and was investigated. A herbal databank was established based 
on NMR fingerprints acquired on 124 samples from 31 types of commonly used 
TCMs. Visual inspections and unbiased multivariate analysis were performed to 
determine the correlation between the metabolic fingerprinting and herbal species. 
With the aid of predictive chemometrics models, such as SIMCA and PLS-DA, the 
feasibility of identifying an unknown herbal sample based on the constructed NMR 
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classifying samples obtained from different sources and prepared in various 
formulations. 
The application was subsequently extended to the analysis of herbal mixtures. 
The study was divided into two sections, namely the detection of herbal adulterants 
and the quality control of TCM formula. In the former study, we attempted to resolve 
the issue of herbal adulterants where expensive medical plants being partially 
substituted with other closely related herbs. Through establishing the correlation of 
NMR pattern and herbal content with a predictive multivariate model, such counterfeit 
products could be detected and quantified. The second section focused on the 
quality assurance of TCM formula. Since both the authenticity and the relative 
quantity are important for the therapeutic efficiency of herbal formulae, a 
chemometrics model based on an arbitrary herbal remedy of Radix Codonopsis 
Pilosulae, Radix Astragali and Radix Puerariae was constructed. The practical uses 
of the system were justified with a series of herbal mixtures prepared with raw 
materials from various sources and at difference ratio.  
Identification and quantification of small molecule foreign substances present 
in herbal sample based on NMR analysis were also examined in the later chapter. 
There have been concerns about the adulteration of Chinese herbal products with 
orthodox drugs or their contamination with agrochemical residues in herbal 
medicines. Since these small molecules possess certain bioactivities for their 
targeted actions, severe side-effects could be expected with excessive consumptions. 
In the attempt of detecting such foreign substances in complex herbal matrices, 
multivariate models based on a series of ‘contaminated’ samples prepared by spiking 
of triazine-based or chlorinated herbicides were constructed. The feasibility of 
differentiating structurally similar foreign substances and detecting very small bio-
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The inconsistent pharmaceutical quality has significantly hampered the 
modernization and scientific progress of traditional herbal medicine.[1-3] There have 
been recurring incidents on the misidentification and adulteration of herbal medicines. 
Between 1804 and 1806, the similar physical appearance of the poisonous bark of 
the nux-vomica tree and that of herbal tonic, cortex Angusturae had resulted in 
several fatal incidents.[4] More than 48 cases of renal poisoning have been reported 
due to the prolonged consumption of a Stephania tetrandra-containing weight 
controlling capsule. Subsequent investigation of the herbal product revealed that 
such adverse effects were caused by the presence of aristolochic acid, an unknown 
nephrotoxin which can be found in Aristolochia fangchi. The confusion seemed to 
arise due to the similarity in the Chinese names of fang-ji, root of Stephania tetrandra 
and guang fang-ji root of Aristolochia fangchi.[5] Such erroneous substitutions have 
resulted not only in the loss of consumer’s confidence in the medications but also 
hampered the continual medical progress due to the lack of consistency in the TCM 
samples used for experimental studies.[1, 6, 7] The traditional method used in the 
identification of herbal plants involves examining the herbal samples’ sensory 
characteristics – appearance, aroma and taste, by experts. Such a method is not 
only labor-intensive and time-consuming but also highly subjective and non-
quantitative.[6, 8] The conventional quality control of western medicine involving the 






knowledge of the actual chemical composition present in the herbal substance as 
well as its incapability in addressing the intrinsic synergetic effects of medical 
plants.[2, 6, 9-16] As mentioned in the earlier section of the thesis, fingerprinting strategy 
was proposed to address the above issues and have been supported by various 
regulatory bodies.[17-21] A wide range of fingerprinting methods have been developed 
using different extraction methods, separation mechanisms and detection techniques 
based on individual or limited classes of herbs.[16, 22-29] These methods are ideal for 
pharmaceutical studies of individual herbs since the experimental procedures are 
tailored to the characteristics and chemistry behind each medical plant. However, 
problems arise when no prior knowledge is available for the analysis of herbal 
materials. Hence, the development of a generic method for identification of herbal 
plant will be ideal in such circumstances. A databank can be constructed based on 
fingerprints obtained from authentic samples and used for identification of 
subsequent unknown materials. Furthermore, since there exists over 10000 species 
of herbal plants being used in TCM without taking into account the other traditional 
herbs such as Kampo in Japan and Ayurveda in India,[2, 30] the fingerprint acquired 
must be consistent over an extended period of time with excellent cross-laboratory 
reproducibility and transferability to accommodate the spread of botanical medicines 
from regional to worldwide usage due to the rapid globalization of economy.[3, 6, 31] In 
this way, the herbal fingerprint library can be rapidly established with combined 
efforts by committees from different parts of the world and be used for quality control 
even in the absence of the authentic plant materials in the particular laboratory. Since 
NMR fulfills all the above criteria, in this study, the NMR fingerprints of 446 herbal 
samples from 31 types of traditional Chinese medicines (TCMs) were acquired and 







2.2 Materials and Methods 
 
2.2.1 Plant Materials 
Thirty-one types of dried herbs used in this series of study are: Radix 
Puerariae, Radix Salviae Miltiorrhizae, Radix Glehniae, Radix Sophorae Flavescentis, 
Radix Changii, Radix Adenophorae, Radix Pseudostellariae, Radix Scrophulariae, 
Radix Panacis Quinquefolii, Radix Angelicae Sinensis, Radix Platycodi, Radix 
Notoginseng, Rhizoma et Radix Baphicacanthis Cusae, Radix Codonopsis Pilosulae, 
Radix Rehmanniae, Radix Astragali, Radix Rehmanniae Preparata, Radix Astragali 
Preparata, Radix Rhapontici seu Echinopsis, Rhizoma Phragmitis, Flos Puerariae, 
Flos Notoginseng, Prunella vulgaris Linn., Flos Ginseng, Dendranthema morifolium 
cv. Gong-ju, Dendranthema morifolium cv. Hang-ju, Dendranthema morifolium cv. 
Hang-zhou-bai-ju, Dendranthema morifolium Tzvel. et Zhao, Dendranthema 
morifolium cv. Tai-ju, Folium Mori and Folium Ginkgo and seven herbal products of 
Radix Notoginseng in the form of capsules, tablet, and powder were obtained 
commercially and used without further treatment. To ensure the authenticity of these 
herbal samples, they were obtained from reputable medical halls, viz. Eu Yang Sang 
(South Bridge Road Outlet, Singapore on 17th Jan 2009; Plaza Singapura Outlet, 
Singapore on 19th Feb 2009), Beijing Tong Ren Tang (Mong Kok Shop, Hong Kong, 
14th Dec 2008), Wai Yuen Tong (Mong Kok Branch, Hong Kong, 14th Dec 2008), 
Tung Fong Hung (Mong Kok Branch, Hong Kong, 14th Dec 2008), HockHua Tonic 
(Chua Chu Kang Branch, Singapore on 22nd Feb 2009) Zheng Zhong Ping (Plaza 
Singapura Branch, Singapore, 19th Feb 2009), Yunnan Baiyao (Yue Hua, Singapore 
on 16th Feb 2009), Yue Hua Chinese Products (Singapore on 16th Feb 2009). 
According to their respective websites and regulatory websites, there are 
manufacturing protocols and quality control systems in place to ensure the identities 






Sang,[56-57] their herbs are obtained from GAP-certified suppliers and undergo 
scientific tests before being processed in GMP-certified and ISO-accredited facilities 
to ensure the authenticity and quality of the medical plants. 
 
2.2.2 Chemicals and Regents 
Deuterium oxide (D2O) (99.9%) was purchased from Cambridge Isotope 
Laboratories (Miami, FL, USA) and deuterium oxide (99.9%) containing 0.05% (wt%) 
of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid (TSP), sodium salt was purchased from 
Aldrich (Milwaukee, MI, USA). Sodium phosphate and orthophosphoric acid (purity 
85%) were acquired from Tee Hai Trading Company (Singapore). Water used (18 
MΩ) was purified with a Direct-Q system (Millipore, Billerica, MA, USA).  
 
2.2.3 Sample Preparation for 1H NMR Analysis  
All dried TCM herbs used in this study were separately ground to fine powder 
with a blender (Philips HR2870, Holland, Netherlands) according to the source 
purchased, that is herbal sample of the same type obtained from different medical 
halls or from different branches were blended individually without mixing or pooling.  
Each pulverized sample (0.500 g) was extracted with 2.50 mL of Millipore water 
through ultrasonication in ice water for one hour. Samples were centrifuged at 14 000 
rpm in a microcentrifuge (Profuge 14K) for 10 min and the supernatants were used 
for subsequent analysis.   
To the supernatant of herbal extract (270 µL), phosphate buffer (H3PO4: 
NaH2PO4=1:1) in D2O (0.24 M, 270 µL) and internal standard containing 0.05 % (w/v) 
sodium salt of TSP in D2O (60 µL) were added and transferred into a NMR tube (5 
mm o.d., 7 inch length, Norell) prior analysis. Each sample was only analysed once 






2.2.4 NMR Spectrometry  
1H NMR spectra were recorded at 25 °C on a Bruker DRX 500 MHz FT NMR 
spectrometer with a triple resonance cryoprobe head, operating at 500.23 MHz 
observation frequency. The samples were analyzed with water suppression which 
was acquired using the improved WATERGATE pulse sequence (W5 version, Bruker 
pulse program, zggpw5.ppg) with relaxation delay of 1 s. Typically, 64 scans were 
collected with 32K data points over a spectra width of 7002 Hz and an acquisition 
time of 2.3 s and 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid (TSP) was used as a 
reference for chemical shift (0.00 ppm). The processing of each spectrum was 
carried out using XWINNMR 3.5 (Bruker Biospin, Rheinstetten, Germany). Phasing 
of NMR spectra was performed by the automated phase correction function of 
XWINNMR 3.5 and was further fine-tuned manually when necessary. No baseline 
correction was applied to the NMR spectra.  
 
2.2.5 Data Analysis 
The 1H NMR spectra were automatically reduced to ASCII files using AMIX 
Statistics (v. 3.8.6, Bruker Biospin). Spectral intensities were scaled to total intensity 
and reduced to integrated regions of equal width (0.005 – 0.100 ppm) corresponding 
to the region of 0.60 – 9.50 ppm, while those of the water signal between 4.52 and 
5.20 ppm were eliminated. Principal component analysis (PCA), soft independent 
modeling of class analogy (SIMCA) and PLS-discrimination analysis (PLS-DA)  were 
performed with the SIMCA-P 12.0 software (Umetrics, Umea, Sweden) with various 
types of scaling, namely, unit variance (UV), Pareto (Par), centering without scaling 








In the all the experiments conducted in this chapter, the preparation of NMR 
samples were assisted by Janice Lim S. M. while the experimental design, data 
acquisition, model construction, optimization and interpretation were performed by 
Lau Hiu Fung. 
 
2.3 Result and Discussions 
 
2.3.1 General Experimental Considerations 
Simplicity of sample preparation is essential for the practical use of a high 
throughput screening (HTS) method. A simple procedure will not only shorten the 
overall analysis time but also reduce unnecessary loss of metabolites which is vital 
for fingerprinting strategy. In our proposed method, only ultrasonication and 
centrifugation were required. Thus a large amount of samples can be prepared each 
time to enhance the overall efficiency. Nevertheless, extraction based on heating of 
the herbal samples in water at 100 °C has also been investigated at the initial stage 
of experimental design. However, the resulting extracts were found to be highly 
viscous even upon dilution with 50% of deuterated solvent. The viscosity could 
complicate the subsequent shimming process during NMR acquisition procedures 
and, hence, affect the quality of the ultimate NMR fingerprints. Since the viscosity is 
typically related to the presence of macromolecules in the solution, the extracts were 
subjected to centrifugal membrane filtration in an attempt to remove such 
components. However, the trace amount of glycerin present in the membrane has 
given rise to interfering resonances in the subsequent NMR analysis (Figure 2.1). 
Although removal of glycerin through spin-rinsing with deionised water was tested as 
recommended by the manufacturer, residual glycerin could still be observed after six 






(Figure 2.2). Hence, ultrasonication under ice bath was eventually chosen for 
simplicity, free from contamination and high throughput flexibility. 
 
Figure 2.1 Interference due to the presence of glycerin in the membrane of the filtration system. (a) 
Blank sample without centrifugal membrane filtration; (b) Blank sample after centrifugal 
membrane filtration; (c) Radix Puerariae extract after centrifugal membrane filtration. 
NMR spectra were calibrated against the TSP resonance at 0.0 ppm and the glycerin 
resonance was observed at the 3.40-3.80 ppm as a multiplet.  
 
Water was chosen as the extraction medium not only because it gives rise to 
a single resonance in the NMR spectra which simplifies the solvent suppression 
procedures, but, more importantly, TCMs are decocted in aqueous medium in most 
of the applications.[9] Since there is inevitable proton exchange between moisture in 
the atmosphere and deuterium oxide, water resonance suppression is necessary for 
the fingerprint acquisition. Hence, extraction was conducted using Millipore water 
instead of deuterated solvent to reduce operation cost. During the extraction process, 
the ice bath does not only function as a form of temperature control to enhance the 






decomposition of phytochemicals, which in turn preserved the integrity of the herbal 
materials. Phosphate buffer was added into the NMR samples to ensure constant 
ionic strength and pH throughout the data collection and minimize possible 
fluctuation in chemical shifts of signals. Since no chromatographic separation was 
required, a short analysis time of less than 5 min per sample was necessary for data 
collection. 
 
Figure 2.2 Interference due to the presence of glycerin in the membrane of the filtration system 
after spin-rinsed for (a) three time, (b) four times and (c) five times with Millipore water. 
 
 
Resolving all the resonances from each and every chemical entity present in 
the NMR sample was unnecessary for the purpose of fingerprinting as there was no 
need for identification of individual metabolites. Nevertheless, wide distribution of 
signals across the spectral window would be ideal for fingerprint acquisition as this 
allowed more spectral bucket to be encoded with information about each herbs 






enhanced characteristic features being imprinted in the recognition pattern.[15, 32] 
NMR spectra of Radix Puerariae samples at various pH of phosphate buffer were 
investigated and it was found that the acid medium gave finer structures than those 
prepared in neutral and basic media (Figure 2.3). Such an observation could be due 
to the protonation of basic components, for example, alkaloids in the crude extract or 






NMR spectra of Radix Puerariae extracts acquired in different composition of 
phosphate buffers: (a) H3PO4:NaH2PO4 = 1:1 (Acidic), (b) NaH2PO4:Na2HPO4 = 5:1 
(Neutral), (c) NaH2PO4:Na2HPO4 = 1:5 (Neutral) and (d) Na2HPO4:Na3PO4 = 1:1 
(Basic). 
 
2.3.2 Visual Inspection of NMR Fingerprints and corresponding PCA study 
From visual examination of the NMR spectra (Figure 2.4), the main 
differences among different herbs were in the region of 1-5 ppm, which corresponds 






Due to the intrinsic complexity of the spectra and the quantity of the data 
involved, further visual comparisons among samples were, no doubt, impractical and, 
hence, an unsupervised PCA scatter plot (PCA-2.1) was constructed based on four 
random samples from each type of TCM to provide a better overview of the data 
distributions. A total of 25 principal components were constructed with score plot of 
the two more prominent components, namely the first and the second principal 
components, being depicted in Figure 2.5.  All samples fell within the 95% Hotelling 
T2 confidence ellipse in this scatter plot. The tight clusters among individual herbal 
type not only reflects the high reproducibility of the proposed sample preparation and 
data acquisition  method but, more importantly, indicates that the NMR spectra of 
individual plant extracts indeed contain characteristic features that give rise to clear 
distinction between herbs in the PCA plot. The corresponding loading plot of the PC1 
agrees with the visual observations that, in general, the signals in the sugar and 
carbohydrate regions are key contributors to the inter-plant differentiation while the 
aliphatic resonances give rise to a separation along the PC2 axis (Figure 2.6). 
Although there was a certain degree of overlapping among Radix Platycodi  and 
Radix Adenophorae, and between Rehmanniae Preparata and Radix Codonopsis 
Pilosulae in the score scatter plot of the first two principal components which 
captured the more significant variations among the collection of NMR spectra, 
differentiation between these samples was still possible with higher components 










Figure 2.4 NMR spectra of the 31 traditional Chinese medicines used in this study: (1) Radix 
Puerariae ; (2) Radix Salviae Miltiorrhizae; (3) Radix Glehniae; (4) Radix Sophorae 
Flavescentis; (5) Radix Changii; (6) Radix Adenophorae; (7) Radix Pseudostellariae; (8) 
Radix Scrophulariae; (9) Radix Panacis Quinquefolii; (10) Radix Angelicae Sinensis; 
(11) Radix Platycodi; (12) Radix Notoginseng; (13) Rhizoma et Radix Baphicacanthis 
Cusae; (14) Radix Codonopsis Pilosulae; (15) Radix Rehmanniae; (16) Radix Astragali; 
(17) Radix Rehmanniae Preparata; (18) Radix Astragali Preparata; (19) Radix 
Rhapontici seu Echinopsis; (20) Rhizoma Phragmitis; (21) Flos Puerariae; (22) Flos 
Notoginseng; (23) Prunella vulgaris Linn.; (24) Flos Ginseng; (25) Dendranthema 
morifolium cv. Gong-ju; (26) Dendranthema morifolium cv. Hang-ju; (27) Dendranthema 
morifolium cv. Hang-zhou-bai-ju; (28) Dendranthema morifolium Tzvel. et Zhao; (29) 









Figure 2.5 Score scatter plot of principal component analysis of 31 types of traditional Chinese medicines (PCA-2.1). Abbreviation of TCM corresponded to the list as 








Figure 2.6 Loading scatter plot of principal component analysis of 31 types of traditional Chinese medicines (PCA-2.1) with (Red) Aliphatic region (0.6-3 ppm); (Blue) 







Figure 2.7 Score scatter plot of PC2 and PC4 in the principal component analysis (PCA-2.1) of 31 traditional Chinese medicines showing the distinction of and (6) Radix 







Clusters of the herbal samples from the same family also stayed in close 
proximity. TCMs belonging to the Araliaceae family viz. Radix Panacis Quinquefolii, 
Radix Notoginseng, Flos Ginseng and Flos Notoginseng resided at the bottom-left 
quadrant of the plot while Campanulaceae herbs such as Radix Adenophorae , Radix 
Platycodi and Radix Codonopsis Pilosulae appeared at the top-right portion of the 
plot. This indicates that certain unique features among the members of a family are 
present in the NMR spectra. From the contribution plot, the large variation in the 
intensities of resonances at the sugar range was found to be the key contributor to 
the differentiation between the Campanulaceae and the Araliaceae herbs (Figure 
2.8). This observation in agreement with an earlier NMR study by Kang et. al. on 
Radix Codonopsis Pilosulae and Panax ginseng C. A. Meyer (Chinese and Korean 
Ginseng) where samples of Radix Codonopsis Pilosulae  were found isolated from 
the remaining Araliaceae herbs in a PCA score scatter plot due to its intense signal 
from proton resonances in 3–4 ppm region.[33] In the paper, the authors have 
concluded that, although similar remedial effects can be found among different TCMs, 
[33] the chemical components present in the plant are directly related with their 
taxonomies. This also accounts for the “macro-clustering” among family observed in 
the PCA plot as the NMR fingerprint is akin to a mirror, reflecting the chemical moiety 
exists in the sample. This further supports the correlation between the NMR 








Figure 2.8 Contribution Plots of the Campanulaceae – the Araliaceae herbs based on the PCA-1. 
Plot is obtained by subtracting the average signal observed in the Araliaceae herbs 
which were used in the construction of PCA-2.1 (i.e. four samples each from Radix 
Panacis Quinquefolii, Radix Notoginseng, Flos Ginseng and Flos Notoginseng) from 
that of the Campanulaceae (i.e. four samples each from Radix Adenophorae , Radix 
Platycodi and Radix Codonopsis Pilosulae). Signals observed above the x-axis refer to 
the resonances that are more intense in the Campanulaceae herbs while those below 
the x-axis are those more significant in the Araliaceae: (Red) Aliphatic region (0.6-3 
ppm); (Blue) Sugar and carbohydrate region (3-6 ppm) and Aromatic (6-9.5 ppm) 
 
According to the Chinese Pharmacopoeia, the clinical use of a herb can be 
modified by a series of post-harvest processes, for examples, a series of steaming 
and drying procedures can change the “cooling” nature of Radix Rehmanniae to 
“warming” nature of Radix Rehmanniae Preparata and in another instance, transform 
the detoxifying Radix Polygoni Multiflori to anti-aging Radix Polygoni Multiflori 
Praeparata.[2, 8, 35-43] The change in therapeutic properties of Radix Polygoni Multiflori 
can be explained by the variation of chemical components present, for instance, the 
hydrolysis of anthraquinone glycosides to free anthraquinones and stilbenes.[42] 
Serving totally different purposes, these herbs cannot be misidentified or used 
interchangeably. DNA fingerprinting which works well with differentiating closely-








































































































































































































































































































































































































































































































































































































































































































































































































































































































same plant can be prepared by different processes, they consist of the same genetic 
makeup and the relationship between medical properties and genes are often 
unknown.[48] NMR fingerprinting, on the other hand, was found to be ideal for such 
applications in our study. For example, Radix Astragali Preparata, an energy tonic to 
replenish the vital energy and for the treatment of fatigue and rectal prolapse, was 
found to be well distinguished from its raw materials, Radix Astragali, a herb  for 
strengthening the body resistance and used in the treatments of ulcers, wounds, 
chronic sores and night sweating (Figure 2.5).[2] They could be differentiated through 
the observation of a change in NMR response in the region of 3-6 ppm which could 
possibly be attributed to the change in chemical composition due to addition of honey 
and degradation of triterpene glycosides during the frying process (Figure 2.9a). 
Similar observation was also made between two types of Chrysanthemum morifolium, 
namely Dendranthema morifolium cv. Gong-ju and Dendranthema morifolium cv. 
Hang-zhou-bai-ju with the former prepared by baking and the latter through steaming 
and sun-drying. Although the differences between the two floral herbs were less 
significant in magnitude compared to the previous example, the variation was 
observed throughout the acquisition range which made identification feasible (Figure 
2.9b). This observation suggests that such fine differentiation identified via. NMR 
fingerprinting could aid in more detailed TCM classification for therapeutic 













Contribution Plots of different herbal groups based on the PCA-1. (a) Radix Astragali 
Preparata - Radix Astragali and (b) Dendranthema morifolium cv. Gong-ju  - 
Dendranthema morifolium cv. Hang-zhou-bai-ju: (Red) Aliphatic region (0.6-3 ppm); 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.3.3 Predictive Model Construction based on SIMCA and PLS-DA 
As aforementioned, the NMR fingerprints of plants are highly complex and 
visual comparison for herb identification could be highly subjective and impractical for 
real life applications. Hence, predictive chemometrics modeling based on soft 
independent modeling of class analogy (SIMCA) and projection to latent structure 
discriminant analysis (PLS-DA) were constructed such that unknown samples can be  
identified based on the similarity study between their NMR pattern with the authentic 
fingerprint library. Scheme 2.1 depicts the various classification studies undertaken. 
 
 
Scheme 2.1 Schematic diagram of the SIMCA or PLS-DA model constructed for the classification of 
herbal plants based on their NMR fingerprints. The NMR fingerprints of four samples 
from each herb are used to establish the NMR library. To predict the identities of 
unknown samples, their NMR fingerprints can be introduced as the prediction set into 
either the SIMCA or the PLS-DA model which is built based on the NMR spectra in the 
herbal library. The class membership probability of each sample will then be calculated 
and a sample will only be classified under a type of herb if the probability is higher than 
0.1 for SIMCA or fell within the range of 0.65 to 1.35 for PLS-DA.  
 
 
2.3.3.1 SIMCA for the Identification of TCMs 
SIMCA usually involves the construction of a class model which consists of a 






built based on a PCA performed among samples within the class. An appropriate 
number of principal components are generated to explain most of the information 
present while the unexplained variance will be described as residual variance. When 
a new unknown sample is introduced into the SIMCA model as a validation or test set, 
its residual variance will be calculated and compared with the average value 
computed based on the samples that build the group. A probability of membership 
based on this local principal component model will be generated based on all 
principal components constructed and this value is used as a similarity measure for 
the ultimate classification of this unknown sample. 
A SIMCA model (SIMCA-2.1) based on a training set of 124 samples from 31 
types of TCMs was constructed and the model parameters were tabulated in Table 
2.1. 
In Table 2.1, A represents the number of principal components (PCs) in each 
model which is determined by the cross validation process and N is the number of 
sample in the training set that belongs to a particular class. These parameters are 
related by:  
Amax = N-1 …(Eq 2.1) 
where Amax is the maximum number of PC possible for a model. R2 is defined as the 
sum of square of variables explained by the cumulated components which reflects 
how well the variables of samples in the training set are being explained by the 
model while Q2 is defined as the cross-validated R2 which indicates the fraction of 
variables that can be predicted by the principal components in the corresponding 
model. A perfect fit model gives a value of 1 for R2 while a good predictivity will be 
expect when Q2 > 0.5 and a excellent predictivity ability with Q2 > 0.9.[8] From the 
results obtained based on SIMCA-2.1, the performance of the local models was 






with good predictive power was created for Radix Puerariae while poor model was 
generated for Radix Pseudostellariae and Prunella vulgaris Linn.  
Table 2.1 Model Parameters of SIMCA-2.1 constructed based on 4 random samples chosen from 
each of the 31 type of TCMs. Bin size: 0.02 ppm; Scaling method for X-variables: 
Pareto-scaling 
 
Class TCM Model A N R2 Q2
SIMCA       
 Radix Puerariae M1 1 4 0.943 0.931 
 Radix Salviae Miltiorrhizae M2 0 4   
 Radix Glehniae M3 1 4 0.933 0.913 
 Radix Sophorae Flavescentis M4 1 4 0.695 0.411 
 Radix Changii M5 1 4 0.924 0.903 
 Radix Adenophorae M6 1 4 0.938 0.912 
 Radix Pseudostellariae M7 1 4 0.531 -0.098 
 Radix Scrophulariae M8 1 4 0.597 -0.092 
 Radix Panacis Quinquefolii M9 1 4 0.604 -0.059 
 Radix Angelicae Sinensis M10 1 4 0.595 0.211 
 Radix Platycodi M11 1 4 0.695 0.332 
 Radix Notoginseng M12 1 4 0.738 0.481 
 Rhizoma et Radix Baphicacanthis Cusae M13 0 4   
 Radix Codonopsis Pilosulae M14 1 4 0.858 0.769 
 Radix Rehmanniae M15 1 4 0.782 0.619 
 Radix Astragali M16 1 4 0.597 0.257 
 Radix Rehmanniae Preparata M17 1 4 0.772 0.475 
 Radix Astragali Preparata M18 1 4 0.806 0.636 
 Radix Rhapontici seu Echinopsis M19 1 4 0.610 -0.024 
 Rhizoma Phragmitis M20 1 4 0.687 0.306 
 Flos Puerariae M21 1 4 0.641 0.131 
 Flos Notoginseng M22 1 4 0.674 0.078 
 Prunella vulgaris Linn. M23 1 4 0.539 -0.067 
 Flos Ginseng M24 1 4 0.941 0.925 
 Dendranthema morifolium cv. Gong-ju M25 1 4 0.653 0.295 
 Dendranthema morifolium cv. Hang-ju M26 1 4 0.699 0.428 
 Dendranthema morifolium cv. Hang-zhou-bai-ju M27 1 4 0.607 0.139 
 Dendranthema morifolium Tzvel. et Zhao M28 1 4 0.917 0.842 
 Dendranthema morifolium cv. Tai-ju M29 1 4 0.792 0.650 
 Folium Mori M30 1 4 0.878 0.794 
 Folium Ginkgo M31 1 4 0.582 0.054 
 
Although the R2 and Q2 parameters provided a good estimation of the quality 






that make up the model. The actual predictivity of the model could be better 
demonstrated with a set of unknown samples. A validation set (VS-2.1) consisting 
194 herb samples obtained from the same source as the training set was introduced 
to the model. The NMR data for this set of samples was acquired over a five-month 
period. Hence, it did not only reflect the predictivity of the SIMCA model but also the 
robustness of the model over a prolonged timeframe. For each validating sample, 
probability of herbal class membership (PModX) of each and every sub-class was 
generated.  Generally, a PModX>0.1 indicates a membership to the group and if it 
can be fitted into more than one group, it will be classified to the group with highest 
PModX value. On the other hand, if all the probabilities of class membership 
generated are below 0.1, this will indicate that none of the groups possesses similar 
feature as the testing sample and therefore, this sample will be classified as “No 
class”. In the case of SIMCA-2.1, the %correct classification was found to be 18.56%.  
Since this result was far from satisfactory, optimizations based on various data 
pretreatment parameters were conducted. 
To minimize any fluctuation in chemical shift, strategies such as peak 
alignment and “bucketing” have been proposed. The prior involves aligning the peaks 
in spectra based on a pre-determined reference while the latter comprises a series of 
integrations of signals observed in a NMR spectrum over fixed spectral intervals, or 
bin size. Since this study involves 31 different type of TCMs and each of them has its 
own unique profile, it would be difficult to select or generate a reference spectrum for 
peak alignment. Hence, the “bucketing” approach was selected to facilitate the 
digitization of NMR spectra. However, the selection of bin size is critical to the quality 
of the chemometric model. If the bin value is too high, fine-structures will be missed 
out in the pattern recognition process while an overly narrow spectral interval will 






evaluated with VS-2.1 as the validation set (Figure 2.10). The % correct classification 
ranged from 17.01% to 22.68%. Generally, an improvement was observed with an 
increase in bin size. Hence, a bucketing with a spectral interval of 0.10 ppm was 




Figure 2.10 Plot of %correct classification obtained by SIMCA models against bin size used. Scaling 
on X-components: Par   
 
Scaling is often used in multivariate analysis as a form of data pretreatment. 
Common scaling methods include unit variance (UV), centering with no scaling (Ctr) 
and Pareto scaling (Par). UV involves the assignment of ‘one’ to the variance of all 
variables and this means the influence of variables, or, in this case the integrals of 
specific NMR regions, with large fluctuations will be reduced while those with less 
variation will be amplified. Such an approach will be beneficial if the key 
discriminations are based on minor components. On the other hand, Ctr correlates 
the impact of the variable with its magnitude. It emphasizes on the buckets with 

























typically the noise region, will have minimal effect in the overall analysis. Par is a 
compromise between the two aforementioned methods in which certain degree of 
emphasis will be given to variables that are less intense if there is a systematic trend 
observed. The NMR fingerprint of six independent samples of Radix Puerariae 
processed with various scaling method was depicted in Figure 2.11. Generally, Ctr 
and Par were highly similar except that the aromatic region was amplified with Par 
scaling. Nevertheless, general features of the original fingerprints could still be 
observed. In the case of UV, since a unit variance was given to all variables i.e., 
spectra bins, correlations between the scaled data with the unprocessed spectra 














NMR fingerprint of 6 independent samples of Radix Puerariae processed with various 
scaling method: (a) UV, (b) Par, (c) Ctr and (d) None or No scaling. Bin size = 0.02 ppm 
 
All the three types of scaling methods mentioned above, together with the model built 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































with VS-2.1 as the validation set (Figure 2.12).  UV had poor prediction accuracy 
while the highest %correct classification of 25.3% was achieved with Ctr. This 
indicates that the features of the NMR fingerprint were better explained by SIMCA 
upon suppression of smaller resonances which could probably be noise. Hence, Ctr 




Figure 2.12  Plot of %correct classification obtained by SIMCA models against data scaling method. 
Bin size : 0.10 ppm   
 
Although slight improvement was achieved with various optimizations, 
the %correct classification of 25.3% obtained from the optimized model, SIMCA-2.2, 
is far from satisfactory for practical application using this strategy. Hence, another 
chemometrics approach, PLS-DA,  was evaluated. 
 
2.3.3.2 PLS-DA for the Identification of TCMs 
Unlike the SIMCA approach, PLS-DA is based on the construction of one 



























will be provided as a set of Y-variables and the PLS-DA works based on describing 
the set of observations with maximum correlation with this factor. In this way, 
separation between classes will be maximized and discriminating features will be 
identified. The membership of the class, presented as YPred, can be computed 
based on similarity between new and existing samples in all PLS components. 
However, typically, in the case of PLS-DA, a new observation will be classified to a 
group if the predicted value falls within the range of 0.65< YPred<1.35. Other than % 
correct classification, additional parameters namely, root mean square error of 
estimation (RMSEE) and root mean square error of prediction (RMSEP) can be used 
to monitor the quality of the model and they are given by a general equation: 
ܴܯܵܧܧ	݋ݎ	ܴܯܵܧܲ ൌ 	∑ሺ௒௏௔௥௉ௌି௒௉௥௘ௗ௉ௌሻమே  …(Eq 2.2) 
 
where YVarPS describes the observed Y while YPredPS gives the predicted Y value 
and N represents the total sample size. In our study, a value of one will be given to 
YVarPS and the closer the value of YPredPS to one indicates a higher probability an 
observation belongs to a particular class. The difference of RMSEE and RMSEP is 
based on the sample set that is being introduced to the model. RMSEE is the root 
mean square error of the training set while RMSEP refers to the root mean square 
error of the validation or test set. 
Similar to the SIMCA study, a training set consisting of four randomly chosen 
samples from each of the 31 TCMs was used to construct the PLS-DA model (PLS-
DA-2.1) based on a bin size of 0.02 ppm  and Pareto scaling. High values of 0.99 
and 0.93 were obtained for R2 and Q2, respectively. This implied that the training set 
was well-explained by the PLS-DA model and excellent predictability could be 
expected. This is in agreement with the low RMSEE of 0.004-0.045 (Table 2.2). The 






were demonstrated with VS-2.1. Despite only four samples were used for model 
construction, low RMSEP of 0.006-0.297 were obtained and an overall 
misclassification of 0.52% (0.65 < YPred + < 1.35) was achieved showing the 
reliability of the proposed method in the authentication of TCMs (Table 2.2). 
Similar to a previous study, optimization of model parameters can be 
performed with both bin size and data pretreatment methods (Figure 2.13). 
High %correct classifications of 97.9% to 100% were obtained consistently over the 
whole tested range. More fluctuations were observed with the average root mean 
square errors which ranged from 0.62 to 1.02 for RMSEE and 1.89 to 2.96 for 
RMSEP. A bin size of 0.02 ppm gave the smallest error in both cases while a spectra 
interval of 0.06 ppm provides the best % correct classification.  Such a discrepancy 
could be explained by the fact that % correct classification was calculated based on 
the amount of samples possessing a YPredPS that fell within the relatively wide 
range of 0.65 to 1.35 while the root mean square errors were computed based on the 
closeness of YPredPS to one if the sample belongs to the group or zero if the sample 
was not a member in the group. Another observation was that the predictivity of the 
model with extreme bin sizes gave relatively poorer result. This could be due to the 
competing factors of spectra drift and fine-pattern encryption. High bucket size 
provided more allowance for spectral drift which could, in turn, miss out the fine 
structure for discrimination between types of herbal materials while a low bin size 
allow finer spectra details to be imprinted with limited buffering for signal shifting. 
Since RMSEP provids a better indication for predictivity of the model and there was 
only a slight decrease in % correct classification, 0.02 ppm was chosen as the 






Table 2.2 Performance of the PLS-DA-2.1 model based on the 124 samples of 31 TCMs for herbal 
identification. A sample is classified under a source if the YPredPS value falls within the 
range of 0.65 < YPredPS < 1.35. 
 
Traditional Chinese Medicines (TCMs) Validation Sets 
 VS-2.1 VS-2.2 VS-2.3 
 RMSEE RMSEP RMSEP RMSEP 
Radix Puerariae  0.012 0.132 0.142 0.030 
Radix Salviae Miltiorrhizae  0.019 0.065 0.086 0.050 
Radix Glehniae  0.020 0.028 0.067 0.061 
Radix Sophorae Flavescentis  0.004 0.014 0.013 0.009 
Radix Changii  0.015 0.036 0.111 0.100 
Radix Adenophorae  0.042 0.093 0.246 0.155 
Radix Pseudostellariae  0.009 0.031 0.032 0.024 
Radix Scrophulariae  0.020 0.050 0.085 0.048 
Radix Panacis Quinquefolii 0.023 0.062 0.051 0.122 
Radix Angelicae Sinensis  0.021 0.111 0.095 0.095 
Radix Platycodi  0.036 0.087 0.205 0.179 
Radix Notoginseng  0.017 0.030 0.078 0.261 
Rhizoma et Radix Baphicacanthis Cusae  0.004 0.006 0.006 0.009 
Radix Codonopsis Pilosulae  0.011 0.044 0.138 0.019 
Radix Rehmanniae  0.038 0.070 0.099 0.040 
Radix Astragali  0.015 0.106 0.117 0.028 
Radix Rehmanniae Preparata  0.029 0.061 0.102 0.034 
Radix Astragali Preparata  0.033 0.297 0.247 0.139 
Radix Rhapontici seu Echinopsis  0.012 0.027 0.051 0.064 
Rhizoma Phragmitis  0.005 0.017 0.037 0.015 
Flos Puerariae  0.009 0.038 0.046 0.016 
Flos Notoginseng  0.040 0.093 0.122 0.102 
Prunella vulgaris Linn.  0.011 0.023 0.032 0.012 
Flos Ginseng  0.045 0.105 0.168 0.140 
Dendranthema morifolium cv. Gong-ju  0.025 0.062 0.144 0.204 
Dendranthema morifolium cv. Hang-ju  0.033 0.041 0.043 0.182 
Dendranthema morifolium cv. Hang-zhou-bai-ju  0.023 0.053 0.104 0.126 
Dendranthema morifolium Tzvel. et Zhao  0.033 0.051 0.089 0.204 
Dendranthema morifolium cv. Tai-ju  0.009 0.021 0.026 0.025 
Folium Mori  0.008 0.022 0.023 0.014 
Folium Ginkgo  0.006 0.017 0.017 0.047 
Overall percentage of correct classification
(0.65 < YPred + < 1.35) 
 













Plot of (a) %correct classification and (b) RMSEE and RMSEP obtained by PLS-DA 
model against bin size. Scaling on X-components: Par   
 
Various data pretreatment methods were evaluated as well with VS-2.1 
(Figure 2.14). All scaling methods tested gave models with good % correct 


























































error of 0.62 to 0.75 for RMSEE and 1.89 to 2.09 for RMSEP. In consideration that 
the root mean square error is a more sensitive indicator, Par was found to be the 
best data pretreatment method. 
The PLS-DA-2.1 model was found to have excellent predictivity for samples 
obtained from the same source as the model building block and high robustness over 
a prolonged period of time. However, for the practical use of this approach, two 
additional aspects have to be addressed, namely the sensitivity of the model towards 













Plot of (a) %correct classification and (b) average RMSEE and RMSEP obtained by 
PLS-DA model against scaling method. Bin size: 0.02 ppm 
 
 
Identification of medical plants has to be feasible regardless of their origins, 



















































surrounding abiotic factors and the plant metabolism, discrepancies in the chemical 
composition among samples of different origins were often observed.[7, 33, 46, 49, 50] 
Difference in metabolic profile of Angelica acutiloba Kitagawa roots from China and 
Japan has been reported by Fukusaki and co-workers and the climate-dependence 
of root respiration rate was proposed to be one of the reasons giving rise to such 
observation.[8] Although the herbal identification with NMR fingerprints is based on 
composition of phytochemicals, it is impractical and unrealistic to collect a large 
amount of data of plants from all possible habitats. Thus, the chemometrics model 
has to be tolerant to such geographical variation. An additional validation set (VS-2.2) 
of 73 samples obtained from different commercial sources from the training set were 
introduced to PLS-DA-2.1 (Table 2.2). They were considered as unknown samples to 
the prediction model with their  membership to each type of herbs, presented as 
YPred, be computed based on all PLS components. Since the fingerprinting 
approach works by the observation of gross pattern recognition, slight changes in few 
metabolites do not affect the overall predictivity of the model as long as the global 
features agree. In fact, no significant change was observed in RMSEP (0.006-0.247) 
and the overall misclassification increased slightly to 6.8% among all plant types 
tested. This reflects that the biological difference between plant types is more 
significant than that of geographic variation in NMR spectra pattern. For the purpose 
of plant identification, model based on a small dataset of a single source is applicable 
to samples of any origins. Although genomic DNA sequences can serve a similar 
purpose, the tedious extraction procedures involved in DNA isolation hinders high 
throughput analysis.    
In the process of modernization and increasing recognition of the potential 
medical values of TCMs, the quality control of TCMs through the traditional sensory 






more subjective and requires the presence of experts who have undergone years of 
training. Training of profession to meet the current world-wide demands for quality 
assurance is not a realistic solution to the problem. Furthermore, herbal medicines 
are often formulated in easily consumable packaging such as capsule, powder, tablet 
or liquid extracts nowadays which make the traditional visual inspection unfeasible. 
Hence, it is important for the proposed method to meet the current needs of the 
society. The viability of the NMR fingerprinting approach in analyzing various 
commercial forms was also examined. 55 samples of Radix Notoginseng product in 
powder, tablets and capsule forms (VS-2.3) obtained for various commercial sources 
were evaluated with the PLS-DA-2.1 (Table 2.2).  Samples were prepared simply by 
grinding or isolation from its capsule and extracted with the same procedures as the 
dried herbs without further treatments. All 55 samples were correctly classified into 
the Radix Notoginseng although Radix Notoginseng and Radix Panacis Quinquefolii 
have common active ingredients such as ginsenosides Rb1, Rd, Re and Rg1 and 
small RMSEP values of 0.009-0.261 were achieved.[16, 51] This shows the adaptability 
of this method and that its application is not limited to dried raw herbs but appropriate 
for various TCMs formulation as well.  
The parameters and performance of optimized models of SIMCA and PLS-DA 
approaches were summarized in Table 2.3. Due to the modeling nature and the scale 
of training set for model construction, PLS-DA was found to be superior over SIMCA. 
Since SIMCA classifies through building individual local models among groups of 
samples, a training set of at least 10 members within each group is typically required 
for complete pattern analysis to account for the similarities and differences within 
group of samples. However, PLS-DA differentiates groups of samples based on their 
differences. Hence, it has less restriction on sample size and this could be the reason 







Table 2.3 Parameters and performance of optimized models of SIMCA and PLS-DA. 
 
Model (Model ID) SIMCA (SIMCA-2.2) PLS-DA (PLS-DA-2.1) 
Parameters Bin size Scaling R2 Q2 Bin size Scaling R2 Q2 
 0.100 ppm Ctr 0.57 to 0.99 0.98 to -0.10 0.020 ppm Par 0.99 0.93 
Performance
Validation set  
% Correct 
classification 




 VS-2.1 21.1%  VS-2.1 99.5% 
0.04 to 0.45 
0.006 to 0.297 
 VS-2.2 0%  VS-2.2 93.2% 0.006 to 0.247 









2.3.4 Identification of source of TCMs based on PLS-DA models 
As aforementioned, the environmental factors could induce a difference in 
secondary metabolites produced. Therefore, the medical value of a herbal plant and 
consequently, its commercial value is often correlated to its origin.[33, 52] For instance, 
Radix Astragali cultivated from Shanxi, China, and Hokkaido, Japan are more 
valuable since they were found to contain a higher amount of astragalosides, an 
antioxidant agent which can reduce clinical diabetic complications and provide 
protective effect on myocardial injury.[52-55] As demonstrated by the earlier PLS-DA 
model, the geographical deviation will become less significant in the presence of 
other herbal samples. Nevertheless, when an unsupervised PCA model was built on 
a single type of herb from various origins, source-specific clustering among samples 
was observed (Figure 2.15). These results indicate that the variations in NMR 
fingerprints among different type of herbs are more significant than those among 
different source of the same type of herbs as demonstrated by VS-2.2 in the earlier 
section and the fluctuations observed among the same type of herbs of different 
sources are, in turn, more prominent than those among the same type of herb from 
the same source as illustrated in Figure 2.15.  This prompted us to construct 
additional PLS-DA models (PLS-DA-2.2 to PLS-DA-2.5) to allow further 
differentiation among sources for the four different medical plants viz. Radix 
Puerariae, Radix Notoginseng, Radix Codonopsis Pilosulae and Radix Astragali. 
Similar to the above studies, four samples from each source were used for model 
construction and they were optimized with various bin sizes and scaling methods with 
validation sets.  As the optimization processes were highly similar to the above 
studies, the discussion on the optimization procedures would not be discussed in this 
section. In all cases, optimum bin size was found to be 0.02 ppm and Ctr was 
preferred. The R2 and Q2 observed range from 0.959-0.991 and 0.958-0.995 






0.08 and 0.28 respectively (Table 2.4). In all except one case, 100% correct 
classification was achieved. These results indicate that, although there is a 
characteristic metabolic pattern for a particular type of plant, the minor fluctuations 
among plants from different origins can be amplified by constructing individual herbal 
models allowing further discrimination. Such amplification can also be observed 
through comparing the corresponding scales on both PCs on the PCA score scatter 

















Three dimensions (3D) PCA score scatter plots of herbs from various sources (A-F): (a) Radix Puerariae, (b) Radix Notoginseng, (c) Radix Codonopsis 






Table 2.4 Performance of the four PLS-DA models (PLS-DA-2.2 to PLS-DA-2.5) constructed 
using 4 samples from each sample source. A sample is classified under a source if the 
YPredPS value falls into the range of 0.65 < YPredPS < 1.35. 
 
TCM   Model Details  
Radix Puerariae   R2 Q2 
(PLS-DA-2.2)  0.991  0.970 
 
Source RMSEE RMSEP 
Correct 
Classification 
 A 0.061 0.223 85.37% 
 B 0.063 0.216 100% 
 C 0.038 0.111 100% 
 D 0.031 0.066 100% 
 E 0.055 0.160 100% 
 F 0.050 0.136 100% 
     
Radix Notoginseng  R2 Q2 
(PLS-DA-2.3)  0.991  0.995 
 
Source RMSEE RMSEP 
Correct 
Classification 
 A 0.033 0.169 100% 
 B 0.037 0.272 100% 
 C 0.023 0.107 100% 
     
Radix Codonopsis Pilosulae  R2 Q2 
(PLS-DA-2.4)  0.983  0.993 
 
Source RMSEE RMSEP 
Correct 
Classification 
 A 0.034 0.086 100% 
 B 0.041 0.134 100% 
 C 0.040 0.089 100% 
     
Radix Astragali   R2 Q2 
(PLS-DA-2.5)  0.959  0.958 
 
Source RMSEE RMSEP 
Correct 
Classification 
 A 0.049 0.107 100% 
 B 0.075 0.138 100% 
 C 0.071 0.102 100% 











In any manufacturing process, identification of raw materials is the 
fundamental for the quality control. Due to the intrinsic complexity, there remain 
many loop-holes in the current strategies of herbal plant identifications. In the current 
study, we have demonstrated the feasibility of employing a highly reproducible, non-
selective spectroscopic method that requires minimal sample preparation and no 
separation procedures to construct a herbal fingerprint library.  
Inspections based on PCA studies allowed easy visualization of the similarity 
among NMR fingerprints of herbal samples. Through varying the bin size and data 
pretreatment methods, the optimum conditions of SIMCA as well as PLS-DA models 
were identified. The performances of these models varied significantly and this could 
be due to the different approaches that they employed and the relative small training 
sets involved in the study. By employing PLS-DA for predictive model construction, 
we can classify unknown samples according to their herbal identities with a % 
misclassification of as low as 7% regardless of the source of the sample or the type 
of formulations and the root mean square errors were lower than 0.3 for all cases. 
More importantly, the NMR fingerprints library was found to be robust for prediction 
over a prolonged period, in our case, five months, and construction of predictive 
models required only samples from a single source. This strategy could be further 
extended to the differentiation of medical plants from various sources. Among the 
four TCMs that were involved in this study, all except one case achieved 100% 
correct classification.  
Our study represents a general strategy with strong implications for 
applications in the regulatory control of herbal medicines. This high throughput 






extended to other botanical drugs and supplement current large scale medical plant 
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Chapter Three 
Detection of Herbal Adulterants and Quality 





The demand for treatments of various chronic ailments has put traditional 
herbal medicine under the spotlight of the scientific research committee. They 
represent not only a rich source of structurally diversified, biologically active 
phytochemicals but also sets of scientifically unexplored recipes for disease 
treatments.[1-10] However, both the complex nature of plants, as well as the 
inconsistent quality of herbal materials have hindered the rapid progress in this area, 
not to mention about the unknown factors behind each complex herbal formulas.[1, 11-
16] Since the application of conventional methodology based on the qualitative and 
quantitative analysis of therapeutically active markers is insufficient for the quality 
assessment of botanical drugs and such approach has also overlooked the basic 
principle of synergistic effects of multiple components towards various targets,[1, 13, 14, 
17-27] fingerprinting strategy which involves the characterization of the global 
composition is recommended.[14, 17, 20, 28-36] Since the signals observed from all the 
detectable components are considered as quality indicators regardless of their 
pharmacological roles being active, inactive or indirectly active,[37]  adulteration 
through spiking of pure components into plant extracts to meet the requirements of 
standard guidelines can be detected.[1, 18, 24, 25, 29, 31, 38-42] Despite much emphasis on 
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spectroscopic fingerprinting,[31, 34, 43-64] the detection of herbal adulterants and quality 
assurance of herbal mixtures are rarely addressed.[18, 65-71]  
The detection of herbal adulterants is important for quality assurance of 
regulated endangered species like Radix Panacis Quinquefolii.[72, 73] Very often the 
herbal substituent used is closely related, or of the same genus as the original herbal 
plant since they often contain common phytochemicals. However, detection of these 
herbal adulterants becomes even more analytically challenging when there is a 
partial substitution with other herbs. Visual comparison of fingerprints may not help in 
resolving such problems since the presence of adulterant can also be obscured by 
the natural deviation of the chemical profile of individual plant. Such fraud will not 
only result in the deterioration of the quality and nutritional values of the herbal 
preparations, but it can also potentially cause serious therapeutic consequences 
since their clinical applications could be totally different. A relevant example will be 
Radix Notoginseng. Being under the same family of Araliaceaes, it contains common 
active ingredients such as ginsenosides Rb1, Rb2, Rc, Rd, Re, Rf and Rg1, as Radix 
Panacis Quinquefolii.[24, 74] However, unlike the latter which is ‘cooling’ in nature and 
is frequently used as a tonic for treatment of blood deficiency after surgery, Radix 
Notoginseng is a ‘warming’ herb which is mainly used for the dissipation of blood 
stasis and improvement in blood circulation. More importantly, the consumption of 
Radix Notoginseng is contraindicated during pregnancy since it may lead to 
miscarriage.[72] Hence, the detection of such adulteration must be properly addressed 
when establishing of a more comprehensive quality control system for medical plants. 
While much emphasis of quality analysis is based on single herb-based 
medicine, the various aspects of quality monitoring of herbal formulation is very much 
neglected. This is particularly important in traditional Chinese medicine (TCM) which 
is often administered as composite formulae where individual herbs can function as 
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enhancing the efficacy of therapeutic treatment, reducing possible side effects and 
minimizing uncomfortable symptoms.[13, 75-77] In most, if not all, formulae, no single 
herb is responsible for the overall efficacy.[1, 13, 28, 78] For instance, Sho-saiko-to or 
Minor Bupleurum Formula was found to be an effective herbal remedy for chronic 
hepatitis treatment. However, studies have shown that none of the seven herbal 
ingredients, viz. Glycyrrhiza glabra, Bupleurum falcatum, Pinellia ternate, Scutellaria 
baicalensis, Zizyphus vulgaris, Panax ginseng, and Zingiber officinale is singularly 
responsible for all the pharmacological effects of this traditional formulae.[79-83] Indeed, 
a number of reports have shown that an appropriate quantitative combination of the 
correct herbal ingredients is vital for the therapeutic efficacy of herbal composite 
formulae.[84-86] Hence, both the authenticity and the relative quantity are essential for 
the quality control of a multi-component herbal remedy. 
In the previous chapter, identification of TCM has been successfully 
demonstrated based on their NMR fingerprints. In this chapter, the fingerprint-
chemometrics approach will be further extended to the HTS of herbal mixtures. The 
abovementioned issues will, hence, be addressed separately in two sections in this 
chapter. The first section involves the detection and quantification of chemically 
similar herbal adulterants which will be demonstrated with the Radix Panacis 
Quinquefolii- Radix Notoginseng (AG-TQ) system. The second part focuses on the 
feasibility study of the quality control of herbal formulations based on this strategy 
and this will be illustrated with the Radix Codonopsis Pilosulae- Radix Astragali-
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3.2  Methods and Materials 
 
3.2.1 Plant Materials 
Dried herbs of Radix Notoginseng, Radix Panacis Quinquefolii, Radix 
Codonopsis Pilosulae, Radix Astragali and Radix Puerariae were obtained from three 
reputable, GMP-compliance medical halls viz. Eu Yang Sang (South Bridge Road 
Outlet, Singapore on 17th Jan 2009), Beijing Tong Ren Tang (Mong Kok, Hong Kong, 
14th Dec 2008), Wai Yuen Tong (Mong Kok Branch, Hong Kong, 14th Dec 2008). For 
the convenience of discussion, sample obtained from Eu Yang Sang, Beijing Tong 
Ren Tang and Wai Yuen Tong will be denoted as source P, Q and R, respectively for 
Radix Notoginseng, Radix Codonopsis Pilosulae and Radix Astragali. 
 
3.2.2 Chemicals and Regents 
Deuterium oxide (D2O) (99.9%) was purchased from Cambridge Isotope 
Laboratories (Miami, FL, USA) and deuterium oxide (99.9%) containing 0.05% (wt%) 
of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid (TSP), sodium salt was purchased from 
Aldrich (Milwaukee, MI, USA). Sodium phosphate and orthophosphoric acid (purity 
85%) were acquired from Tee Hai Trading Company (Singapore). Water used (18 
MΩ) was purified with a Direct-Q system (Millipore, Billerica, MA, USA).  
 
3.2.3 Sample Preparation for 1H NMR Analysis  
All dried TCM herbs used in this study were separately blended and ground to 
fine powder with a blender (Philips HR2870, Holland, Netherlands) according to the 
source purchased, that is, herbal sample of the same type obtained from different 
medical halls or from different branches were blended individually without mixing or 
pooling.  A total of 89 adulterated samples were prepared by thorough mixing of 
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herbal mixtures were prepared by methodical mixing of various amounts of Radix 
Codonopsis Pilosulae, Radix Astragali and Radix Puerariae. For example, a mixture 
of TQ-P and AG-P (95 : 5) was prepared by thorough mixing of 0.475 g of Radix 
Notoginseng from source P with 0.005 g of Radix Panacis Quinquefolii from source P 
while a mixture of DS-P and HQ-Q (75 : 25) was prepared by mixing 0.375 g of Radix 
Codonopsis Pilosulae from source P and 0.125 g of Radix Astragali from source Q. 
All the herbal mixtures or adulterated samples used in this chapter contained two 
herbs except for the twelve trinary samples of (DS-HQ-QQ) which were made up of 
three herbal components.  Each pulverized herbal mixture (0.500 g) was extracted 
with 2.50 mL of Millipore water through ultrasonication in ice water for 1 hour. 
Samples were centrifuged at 14 000 rpm in a microcentrifuge (Profuge 14K) for 10 
min and the supernatants were used for subsequent analysis.   
To the supernatant of herbal extract (270 µL), phosphate buffer (H3PO4: 
NaH2PO4=1:1) in D2O (0.24 M, 270 µL) and internal standard containing 0.05 % (w/v) 
sodium salt of TSP in D2O (60 µL) were added and transferred into a NMR tube (5 
mm o.d., 7 inch length, Norell) prior to analysis. Each sample was only analysed 
once with NMR.  
 
3.2.4 NMR Spectrometry  
1H NMR spectra were recorded at 25 °C on a Bruker DRX 500 MHz FT NMR 
spectrometer with a triple resonance cryoprobe head, operating at 500.23 MHz 
observation frequency. The samples were analyzed with water suppression which 
was acquired using the improved WATERGATE pulse sequence (W5 version, Bruker 
pulse program, zggpw5.ppg) with relaxation delay of 1 s. Typically, 64 scans were 
collected with 32K data points over a spectra width of 7002 Hz and an acquisition 
time of 2.3 s and TSP was used as a reference for chemical shift (0.00 ppm). The 
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Rheinstetten, Germany). Phasing of NMR spectra was performed by the automated 
phase correction function of XWINNMR 3.5 and was further fine-tuned manually 
when necessary. No baseline correction was applied to the NMR spectra.  
 
3.2.5 Data Analysis 
The 1H NMR spectra were automatically reduced to ASCII files using AMIX 
Statistics (v. 3.8.6, Bruker Biospin). Spectral intensities were scaled to total intensity 
and reduced to integrated regions of equal width (0.005 – 0.100 ppm) corresponding 
to the region of 0.60 – 9.50 ppm, while those signals between 4.52 – 5.20 ppm, that 
were attributed to water, were eliminated. Projection to latent structures (PLS) 
modeling was performed with the SIMCA-P 12.0 software (Umetrics, Umea, Sweden) 
with various types of scaling, namely, unit variance (UV), Pareto (Par), centering 
without scaling (Ctr) and no scaling (none) being used as a pre-processing method.  
 
In the all the experiments conducted in this chapter, the preparation of NMR 
samples were assisted by Janice Lim S. M. while the experimental design, data 
acquisition, model construction, optimization and interpretation were performed by 
the author. 
 
3.3 Results and Discussion 
 
3.3.1 Detection and Relative Quantification of Herbal Adulterant 
3.3.1.1 Visual Inspection of NMR Fingerprints  
The NMR fingerprints of Radix Notoginseng (TQ) and Radix Panacis 
Quinquefolii (AG) and the adulterated samples of Radix Panacis Quinquefolii were 
presented in the Figure 3.1. The predominant features in the sugar and carbohydrate 
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evident distinguishing characteristic of TQ over AG was the intensities of signals 
observed in the aliphatic region (0-3 ppm). Nevertheless, when there was a partial 
substitution of the AG with TQ, this feature became obscure. Hence, a fingerprint 
analytical system has to be developed to allow comparison with statistical basis, or 




NMR spectra of (a) Radix Notoginseng (TQ), (b) Radix Panacis Quinquefolii (AG) 
and the adulterated samples with (c) 75%, (d) 50% and (e) 25% of Radix Panacis 
Quinquefolii being substituted with Radix Notoginseng. 
 
3.3.1.2 PCA Study and Preliminary PLS Investigation of the AG-TQ system 
The NMR fingerprints of a series of mixtures between Radix Panacis 
Quinquefolii and Radix Notoginseng (at 0%, 5%, 10%, 25%, 50%, 75%, 90%, 95% 
and 100% of Radix Notoginseng) were subjected to unsupervised PCA study (PCA-
3.1). Although three sources of TQ were included in the study, the corresponding 
score scatter plot shows that the samples are separated according to the relative 
quantity of herbs present with all the pure Radix Panacis Quinquefolii and Radix 
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Generally, the first component enabled the discrimination of the two medical plants 
according to the relative quantity present while the second component separated the 
samples according to the natural diversity of the plant samples. This indicates the 
possibility of a linear relationship between the relative quantity and certain 
characteristic features in NMR fingerprints. Such deduction could be further justified 
by constructing the corresponding PLS model (PLS-3.1). The score scatter plot, 
based on the first summary of NMR fingerprint (t[1]) and that of relative quantity (u[1]), 
indeed, reflects a linear relationship between these two components and it could be 
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Figure 3.2 PCA score scatter plot of mixtures between Radix Notoginseng and Radix Panacis Quinquefolii (PCA-3.1) : In the denotation of AaBb: A-B represent Radix 
Notoginseng and Radix Panacis Quinquefolii respectively while a-b represent the corresponding ratio of the herbs presences in the mixture; P-R representing 








Figure 3.3 Score scatter plot of the PLS model constructed based on a series of mixtures between Radix Notoginseng and Radix Panacis Quinquefolii (PLS-3.1): the first 
summary of NMR fingerprint (t[1]) and that of relative quantity (u[1]). In the denotation of AaBb: A-B represent Radix Notoginseng and Radix Panacis 
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3.3.1.3 Predictive PLS model for Detection and Quantification of Herbal 
Substituent 
With the above observations, the feasibility of constructing a predictive PLS 
model for detection and relative quantification of herbal substituent seems to be 
highly possible. (Scheme 3.1) The working mechanism of PLS is similar to PLS-DA 
which we have employed in the identification of medical plant in the previous chapter. 
This approach attempts to look for characteristic features from the X-components 
which give the maximum explanation to the Y-elements. However, in the case of 
PLS-DA, only a single set of qualitative Y-component which is the herbal 
classification can be included. On the other hand, PLS allows a further extension of 
numerous qualitative and quantitative Y-variables. 
 
 
Scheme 3.1 Schematic diagram of the PLS model constructed for the detection and quantification of 
herbal adulterant based on the NMR fingerprints. The NMR fingerprints of four authentic 
samples from each herb are used to establish the NMR library. By constructing a PLS 
model between the two herbs involved, the relation between the NMR fingerprints and 
relative quantities can be established and can be subsequently used to predict the 
percentage of herbal adulterant present. To further extend the applications, the NMR 
fingerprints of various sources of herbs can be introduced during the building of PLS 
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In this study, X- and Y- components refer to the NMR fingerprints and the 
percentages of Radix Notoginseng and Radix Panacis Quinquefolii present in the 
sample respectively. The quality of the model can be reflected by values such as R2, 
Q2 and RMSEE while the predictive capacity will be evaluated based on the RMSEP 
of a given validation set. 
A PLS model (PLS-3.2) was built based on a training set of 8 samples: 4 
samples of the same source from each herbal plant while a set of 67 samples 
consisting of various ratio composition of Radix Notoginseng in Radix Panacis 
Quinquefolii was used as the validation set (VS-3.1). Optimization of the PLS model 
could be performed by varying the bin size used for digitalization of NMR spectra. 
The choice of bin size is important since an excessively big bin size will obscure the 
characteristic fine features in the NMR fingerprint while small bucket width will 
introduce undesirable factors such as instrumental drifting into the chemometrics 
analysis. Hence, a range of bin size (0.005 to 0.100 ppm) was tested with the PLS 
model (Figure 3.4). The resulting RMSEE ranged from 0.60 to 1.06 while RMSEP 
fluctuated between 3.89 and 4.93. Generally, the root means square error increased 
with bin size. Hence, an optimum value of 0.01 ppm, the bin size with the lowest 











Plot of RMSEE and RMSEP of the PLS model against bin size used in the study of AG-
TQ systems. Scaling on X-components: Par and Scaling on Y-components: Ctr Remark: 
Since both % Radix Notoginseng and % Radix Panacis Quinquefolii gave rise to root 
mean square errors of the same magnitude, only one of them was presented in the plot. 
 
The type of scaling method used for pretreatment for data in X- and Y- 
components will have a significant effect on the predictivity of the PLS model too. 
While unit variance (UV) amplifies signals of low intensity, centering (Ctr) suppresses 
these signals as noise. Pareto scaling (Par) is the intermediate of these two extreme 
approaches which gives certain emphasis to low-medium signals if a trend is 
observed. All the three type of scaling methods were test with VS-3.1 (Figure 3.5). 
RMSEE varied from 0.84 to 3.45 while RMSEP ranged 3.89 to 5.94. Par gave the 
best results and this reflects that the signals with relatively low intensity are important 
in distinguishing AG from TQ. Optimization of the scaling methods on Y-components 
has also been investigated. Since there was no observed difference among the 

































Plot of RMSEE and RMSEP of the PLS model against scaling method used for X-
components in the study of AG-TQ systems. Bin size: 0.01 ppm and Scaling on Y-
components: Ctr. 
Remark: Since both % Radix Notoginseng and % Radix Panacis Quinquefolii gave rise 
to root mean square errors of the same magnitude, only one of them was presented in 
the plot. 
 
The optimum parameters and performance of the PLS model (PLS-3.2) are 
tabulated in Table 3.1. The quality of calibration and prediction capability of this 
regression model could be justified with the good R2 and Q2 values of 0.94 and 1.00 
and the low RMSEE and RMSEP values of 0.84 and 3.89 respectively. Since the root 
mean square errors are expressed in the same unit as the original response value, [37] 
this experimental results indicates that the model is able to quantify the adulterant 
present with an error lower than 4% despite the intrinsic similarity between Radix 
Panacis Quinquefolii and Radix Notoginseng.  
 
3.3.1.4 Relative Quantification of Herbal Substituents based on their Source 
Besides the linear correlation between relative quantity of TQ present in AG 
and the NMR fingerprint, which was easily observable on the score scatter plot of 
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samples from the same sources along PC2 axis (Figure 3.2). These observations 
suggest that the change in the NMR profile of a sample in the presence of another 
herbal plant is more significant than the relative geographical variations. 
Nevertheless, the latter could still be observed even though it was to a much smaller 
extent. Hence, by establishing different prediction models, quantification of herbal 
components present based on types and sources could be anticipated.  
Another PLS model, PLS-3.3, based on four Y-components, namely the 
percentage of Radix Notoginseng from source P, Q and R, and Radix Panacis 
Quinquefolii present in the sample was constructed. However, through merely 
introducing pure Radix Notoginseng samples from other sources into previously 
constructed PLS-3.1 as new elements would result in a relatively large prediction 
error of over 20% for some of the Y-components. Hence, two additional samples 
from each mixture ratio were also included in the predictive model construction giving 
rise to a training set of 30 samples (Table 3.1). Optimization based on bin size and 
scaling methods were subsequently performed and validated with the remaining 59 
samples (VS-3.2) (Figure 3.6 and Figure 3.7). V-shape trends were observed in the 
RMSEP values as the bin size varied. This indicates the importance of obtaining a 
suitable compromise between fine features imprinting and the avoidance of any 
instrumental drifting being introduced into the PLS models through selection of 
appropriate bin size. Since the root mean square errors were lowest at 0.02 ppm, it 
was chosen as the optimum bin size. Although the effect of scaling method employed 
for the data pretreatment is less significant compared to that of bin size, selection of 
correct scaling method could obviously enhance the predictivity of the PLS model 
(Figure 3.7). Similar to the non-source-specific study, Par gave the lowest error for all 
root mean square errors except %RMSEP Radix Panacis Quinquefolii which worked 










Plot of RMSEE and RMSEP of the PLS model against bin size used in the study of 
source-specific AG-TQ systems. Scaling on X-components: Par and Scaling on Y-
components: Ctr. P, Q and R representing three different source of Radix Notoginseng 






Plot of RMSEE and RMSEP of the PLS model against scaling method used for X-
components in the study of source-specific AG-TQ systems. Bin size: 0.02 ppm and 
Scaling on Y-components: Ctr. P, Q and R representing three different source of Radix 
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The parameters and performance of the optimized models of source-specific 
PLS models were tabulated in Table 3.1. This new PLS-3.3 model allowed both the 
quantification of mixtures by types and sources of individual herbs present with a 
relatively good RMSEE and RMSEP values of less than 5.72 and 7.35 respectively. 
Despite the fine variation among the Radix Notoginseng samples of different sources 
as reflected in the score scatter plot of PCA-3.1, the results of this study indicates 
that the model can successfully quantify of source-specific herbal adulterant with an 
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 Legend      
 
   
 
Optimum parameters 
Bin size 0.01 ppm 0.02 ppm 
Scaling X variables Par Y variables Ctr X variables Par Y variables Ctr 
Model Parameters 
R2 0.939 0.994 
Q2 0.999 0.970 
Root Mean Square Error RMSEE RMSEP (VS-3.1) RMSEE RMSEP (VS-3.2)
%TQ-P   5.72 7.35 
%TQ-Q 0.84 3.89 4.31 5.34 
%TQ-R   1.89 3.59 




| 99  
 
3.3.2 Quality Control of Multi-components Herbal Formulae 
The formulation of a herbal remedy is usually based on two parameters- the 
choice of herbs and the ratio between them. The importance of the former was 
demonstrated in an interesting study by Li and co-workers.[84] Radix Angelicae 
Sinensis was intentionally substituted with a chemically similar herb, Rhizoma 
Chuanxiong in the Danggui Buxue Tang, a herbal formula which stimulates of 
immune response and promotes hematopoietic functions.[87-89] Both the chemical 
analysis and biological testing were conducted with the authentic and innovative 
formula. However, the authentic formula was found to be superior over the new 
herbal recipe in all biological tests such as induction of estrogenic effects in cultured 
breast cancer MCF-7 cells, activation of T-lymphocytes and osteoblast in cultures. 
The author explained such phenomenon by certain rearrangement of the chemical 
compositions that resulted from the correct combination of herbs. The significance of 
the relative amount of ingredients used in the preparation of herbal remedies was 
emphasized in another study by Dong et. al.[90] The correlation of herbal formulation, 
active component profiling and biological activities of Danggui Buxue Tang was 
established based on the corresponding studies of varying the proportion of raw 
materials used. In almost all cases, the remedy was most effective and containing 
maximum amount of active components at a weight ratio of 5:1, of Radix Astragali to 
Radix Angelicae Sinensis. Gao and co-worker explained such an observation being 
associated with the elevated solubility and enhanced stability of active components in 
a ‘cocktail’ of phytochemicals.[86] In this study, we further extend the application of the 
NMR fingerprinting strategy to both the identification and relative quantification of 
herbal components present in a mixture of Radix Codonopsis Pilosulae, Radix 
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3.3.2.1 Visual Inspection and PCA Study of the NMR Fingerprints based on the 
Raw Materials and their various Formulas 
From the NMR spectra of the corresponding extracts, it could be easily 
observed that there were characteristic patterns within each type of herbs, viz. Radix 
Codonopsis Pilosulae (DS), Radix Astragali (HQ) and Radix Puerariae (GG) (Figure 
3.8 a-c). While the two former herbs gave intense resonances in the sugar and 
carbohydrate regions (3-6 ppm), the latter gave signal of low to medium intensity in 
the aliphatic (0-3 ppm) and aromatic regions (6-9.5 ppm). DS and HQ could be 
differentiated based on the pattern observed at the 3-4 ppm regions. However, as the 
complexity of the extract increased with more herbal components being introduced, 






NMR spectra of plant extracts from single herbs to mixture of medical plants. (a) 
Radix Codonopsis Pilosulae (DS), (b) Radix Astragali (HQ), (c) Radix Puerariae 
(GG), (d) mixture of equal portion of DS and HQ, (e) mixture of equal portion of DS 
and GG, (f) mixture of equal portion of HQ and GG, and (g) mixture of equal portion 
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An unsupervised PCA plot (PCA-3.2) was, therefore, constructed based on the NMR 
fingerprints of individual herbs and spectra for the mixtures to provide a better 
overview of their interrelations (Figure 3.9). Although the data acquisition was 
spanned over a period of one month, they were tightly clustered according to their 
relative content and this reflects the reproducibility of the overall methods. As shown 
in the PCA scatter score plot, the three pure herbs resided at the three extreme 
corners of the score plot forming a triangle with mixtures located along the sides 
depending on the relative compositions. Although the mixtures containing equal 
portion of DS and HQ, were observed in the middle of the DS-HQ axis, mixtures 
containing 50% GG were found to have skewed away from GG. One possible 
explanation could be the relative amounts of phytochemicals being extracted deviate 
among the different type of herbs. As shown in Figure 3.8 a-c, the intensities of 
resonances could be as high as 10 000 counts for DS and HQ while those of GG 
could barely reach 5000. Hence, even if these herbs were present in equal ratio, DS 
or HQ would have more significant contributions to the chemical composition of the 
herbal extract. Since more characteristic features were incorporated in the NMR 
spectra, the NMR spectra of herbal mixture were found to be more similar to the 
fingerprints of DS or HQ than that of GG. The corresponding PCA loading plot 
reflects the key resonances which contribute to the discrimination of herbal 
components in the first two principal components (Figure 3.10). Relatively high 
resonances intensities at 3.69 and 3.71 ppm were found to be the characteristic 
features of DS while those at 3.67 and 3.81 ppm indicates the possibility of the 
presence of HQ. GG showed higher response signals in the aliphatic region 
especially at 1.45 ppm. All these observations were in line with the visual inspection 
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Figure 3.9 Score scatter plot constructed based on four independent samples of various combinations of herbal mixtures. (PCA-3.2) In the denotation of AaBbCc: A-C 
represent Radix Codonopsis Pilosulae, Radix Astragali and Radix Puerariae respectively while a-c represent the corresponding ratio of the herbs presences in 








Figure 3.10 Loading plot of the PCA-3.2 with every point represent a spectral bracket. Regions: Red: Aliphatic (0.60-3.00 ppm), Blue: Sugar and carbohydrates (3.00-6.00 
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3.3.2.2 PLS Analysis and Construction of Predictive Models for Herbal Mixtures 
Since the samples containing Radix Codonopsis Pilosulae and Radix 
Astragali were well distributed along PC1 with the score values increasing with the 
relative Radix Astragali content while PC2, on the other hand, separated the samples 
according to the amount of Radix Puerariae present, there could be certain linear 
relationships between the NMR fingerprints and the herbal compositions. This was 
verified through constructing a supervised PLS model (PLS-3.3) based on the same 
dataset except that the information of their relative herbal composition was included 
as three additional Y-elements viz. wt% Radix Codonopsis Pilosulae (%DS), wt% 
Radix Astragali (%HQ) and wt% Radix Puerariae (%GG). The score scatter plot 
based on the first summary of the NMR fingerprint (t[1]) and that of relative herbal 
content (u[1]) illustrates a linear relationship between these two components which 
could be fitted with a regression line with a goodness-of-fit of 0.98 (Figure 3.11). This 
information indicates the feasibility of using NMR fingerprints to identify and provide 










Figure 3.11 Score scatter plot of the PLS model, PLS-3.3, constructed based on a series of mixtures containing various ratio of Radix Codonopsis Pilosulae, Radix 
Astragali and Radix Puerariae: the first summary of NMR fingerprint (t[1]) and that of relative quantity (u[1]). Bucket size:  0.02 ppm; Scaling method for X-
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A series of predictive PLS models (PLS-3.4 to PLS-3.7) was constructed 
based on different model layout and the parameters of the models (Table 3.2). 
Excellent R2 and Q2 values, ranging from 0.94 to 0.98 and 0.94 to 1.00 respectively, 
were achieved in all cases. This implied that the corresponding training sets were 
well-explained and validated by the PLS-DA models and excellent predictability was 
expected. The root mean square error of estimation (RMSEE) were in a range of 
0.72 to 9.62 indicating the estimated error based on the training set were all below 10% 
for each herbal component. To allow more effective comparison in the predictivity of 
these models, a validation set (VS-3.3) constituting of 88 independent samples of 
pure herbs (DS, HQ or GG), samples of equal portion of binary herbal mixture (DS-
HQ, DS-GG or HQ-GG) and samples of equal portion of trinary herbal mixture (DS-
HQ-GG) from the same commercial source as the training set (i.e. source P) was 
introduced into the predictive systems. Since this data was acquired over one month, 
the robustness of the PLS model could also be verified. The corresponding root 
mean square errors of prediction (RMSEP) indicate that all models can predict the 
relative composition of the herbal mixture with less than 10% error (Table 3.2). It is 
important to emphasize that there could exist over hundreds, if not thousands, of 
structurally diverse chemical components in an herbal extract.[12, 29] Without the need 
for tedious separation, laborious structural elucidation process for marker 
identification and expensive reference standard materials, we presented here a HTS 
method with an analysis time of less than five minutes for the identification and 
relative quantification of a multi-component system. Due to the high reproducibility of 
the sample preparation method and the superior stability of the NMR system, 
fingerprints acquired and, subsequently, the predictive models constructed can be 
used over a relatively long period, which in our study, over one month. Since the 
ultimate aim of this study involved the development of a high throughput screening 
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without significant loss in accuracy. Hence, the model PLS-3.4 was selected for 
subsequent optimization. 
The PLS-3.4 system was further optimized with various bin sizes ranged from 
0.005 to 0.100 ppm. The prediction capacity of the resulting models was evaluated 
with VS-3.3 as the validation set (Figure 3.12). Generally, while RMSEE varied from 
0.537 to 1.961 across different bin sizes, the RMSEP showed a gradual increase with 
the size of the buckets. This reflects the importance to include fine features in the 
fingerprints for herbal recognition in mixtures. However, a further reduction in the 
bucket width, for example from 0.005 to 0.001 ppm would increase the number of 
buckets drastically from 1780 to almost 9000.This would, in turns, slow down the 
data processing. Hence, an optimum value of 0.005 ppm was chosen for subsequent 
PLS analysis. 
The effect of scaling method employed for the pre-treatment of digitized data 
was also investigated in PLS-3.4 model. UV, Par and Ctr, together with the model 
built with no pretreatment, were examined and validation was performed with VS-3.3 
(Figure 3.13).  Generally, Par was found to give the best estimation of the relative 
content for all herbal components except for Radix Astragali which worked slightly 
better with UV scaling applied to the data. Such observation could be explained by 
the appropriate amplification of the less intense yet characteristic resonances in the 
NMR fingerprints, for example aromatic resonances for identification of Radix 
Puerariae. Hence, Par was chosen to be the optimal scaling method. In all cases, no 
effect was observed when there is a change in the scaling method of Y variables 
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Table 3.2 Performance of the predictive PLS models (PLS-3.4 to PLS-3.7) and their relative model layouts. All models were constructed based on samples obtained 
from source P and every symbol used in the model layout represents one independent sample. The RMSEP used for the estimation of the predictivity power 
of the model were obtained based on introduction of VS-3.3 as an unknown validation set. 
 
PLS model PLS-3.4 PLS-3.5 PLS-3.6 PLS-3.7 
 
    
 Legend    
 
    
 
Common Parameters      
Bin size 0.02 ppm Scaling on X-variables Par Scaling on Y-variables Ctr 
Model Parameters         
R2  0.975 0.963 0.962 0.944 
Q2  0.999 0.948 0.942 0.951 
Root Mean Square Error RMSEE RMSEP RMSEE RMSEP RMSEE RMSEP RMSEE RMSEP 
% DS 1.72 7.39 9.62 6.36 9.33 6.51 8.24 6.74 
% HQ 0.72 5.59 3.31 5.61 5.44 5.35 6.82 5.91 














Plot of (a) RMSEE and (b) RMSEP values against the bin size for the DS-HQ-GG 
system with VS-3.3 as the validation set. Scaling methods for X-variables: Par; Scaling 











































Plot of (a) RMSEE and (b) RMSEP values against the scaling methods used for X-
variables for the DS-HQ-GG system with VS-3.3 as the validation set. Scaling 
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3.3.2.3 Further Validation of the Optimized PLS models 
As reported in a number of studies, environmental factors such as the climate 
and topography can significantly affect the chemical composition, especially the 
secondary metabolites, of a plant.[4, 20, 49, 91-93] Although the NMR fingerprinting 
strategy is based on the analysis of phytochemicals, it is important that it is 
applicable to samples from sources other than the one used in the model 
construction. Acquiring the fingerprints of medical plants from all possible habitats is 
unrealistic. To address this issue, an additional validation set of 51 samples (VS-3.4), 
involving pure DS and HQ obtained from two other sources, Q and R, and their 
binary herbal mixture prepared by equal portion of DS and HQ from sources P, Q 
and R (DS-P & HQ-Q, DS-Q & HQ-R, DS-R & HQ-P and DS-P & HQ-R), was tested 
with the optimized PLS model. The resulting RMSEP was comparable with that 
obtained with VS-3.3 indicating that the developed model was applicable for mixture 
prepared from herbs of diverse origins (Table 3.3). 
As aforementioned, phytotherapy, especially in TCM, often involves the use 
of composite formulae where medical plants have to be administered in certain fixed 
ratio for maximum efficiency. However, in the validation sets so far, samples 
analyzed were either prepared using a single medical plant or binary and trinary 
herbal mixtures of equal portions. Hence, we proceeded with another validation set of 
42 samples (VS-3.5) consisting of binary herbal mixture of DS and HQ in relative 
ratio of 5-95% and trinary mixtures of DS, HQ and GG in equal portions in order to 
investigate the degree of sensitivity that is achievable by the PLS model. In this case, 
all the RMSEP values were found to be below 8% (Table 3.3). This value is 
reasonable since accuracy down to few percents might be unnecessary for real life 
application due to the inevitable natural biodiversity between plants which resulted in 
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 Legend      
 
     
Optimum parameters      
 Bin size 0.005 ppm Scaling X: Par Y: Ctr Bin size 0.02 ppm Scaling X: Par Y: Ctr 
Model Parameters 
 R2 0.955 Q2 0.998 R2 0.990 Q2 0.940 
Root Mean 
Square Error 
RMSEE RMSEP (VS-3.3) RMSEP (VS-3.4) RMSEP (VS-3.5) RMSEE RMSEP (VS-3.6) RMSEP (VS-3.7) RMSEP (VS-3.8) 
%DS-P     5.84 8.90 8.81 7.79 
%DS-Q 1.85 7.14 7.01 7.30 2.96 6.97 11.04 2.67 
%DS-R     4.66 9.24 3.86 4.66 
%HQ-P     6.55 11.32 21.24 8.74 
%HQ-Q 0.82 5.40 7.32 3.43 7.64 16.41 23.08 8.52 
%HQ-R     6.84 14.11 15.13 6.71 
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3.3.2.4 Source-specific Analysis of TCM Formula 
The composition of phytochemicals is often dependent on the environmental 
factors since secondary metabolites are often involved in various survival related 
actions.[94, 95] Therefore, historically, the therapeutic benefits of an herbal plant and 
consequently, its commercial value have been correlated to its cultured origin.[96-98] 
For example, according to Tang Bencao by Su Jing (AD 659) and Bencao Gangmu 
by Li Shizhen (AD 1596), Gansu in China was recorded to produce the best quality or 
‘Daodi’ grade of Radix Angelicae Sinensis. In fact, a chemical analysis conducted 
subsequently has justified this point through quantifying two of the well-known active 
components of A. Sinensis, ferulic acid and Z-ligustilide.[99] It was found that the 
Daodi supply contained double the amount of these components compared with 
supplies from the rest of China. In the earlier chapter, it was found that NMR 
fingerprints contain origin-specific information and classification based on this feature 
could be feasible. To address this issue of using the source as a quality indicator, 
additional PLS models (PLS-3.8 to PLS-3.12) were developed based on different 
model layout with seven Y variables, namely wt% Radix Codonopsis Pilosulae and 
wt% Radix Astragali from sources P, Q and R (Y1-Y6) and wt% Radix Puerariae from 
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Table 3.4 Performance of the predictive PLS models (PLS-3.8 to PLS-3.12) and their relative model layout. Every symbol used in the model layout represents one 
independent sample. The RMSEP used for the estimation of the predictivity power of the model were obtained based on introduction of VS-3.6 as an unknown 
validation set.  The NMR spectra were bucketed with a bin size of 0.02 ppm and the data was pre-processed with Par on the X variables and Ctr on the Y 
variables. 
 
PLS model PLS-3.8 PLS-3.9 PLS-3.10 PLS-3.11 PLS-3.12
 
 
 Legend      
 
 
   
  
Model Parameters          
  R2 0.996 Q2 0.985 R2 0.991 Q2 0.958 R2 0.990 Q2 0.940 R2 0.989 Q2 0.940 R2 0.988 Q2 0.919 
RMS error RMSEE RMSEP RMSEE RMSEP RMSEE RMSEP RMSEE RMSEP RMSEE RMSEP 
% DS-P 1.82 9.57 7.06 8.32 5.84 8.78 5.25 9.12 6.75 8.89 
% DS-Q 2.70 6.37 2.76 6.59 2.96 6.92 2.94 6.92 4.56 6.94 
% DS-R 2.32 12.93 2.44 12.94 4.66 10.17 4.65 10.31 4.54 10.12 
% HQ-P 5.24 15.67 4.62 12.08 6.55 10.66 6.80 10.79 7.97 12.31 
% HQ-Q 6.10 19.17 5.51 10.27 7.64 9.62 7.84 10.37 7.81 11.20 
% HQ-R 2.26 5.35 4.68 4.22 6.84 5.37 6.93 6.38 7.97 5.40 
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The R2 and Q2 values decreased slightly compared to the non-source specific 
models and ranged from 0.99 to 1 and from 0.92 to 0.99 respectively while the 
RMSEE values of all herbs remained below 10%. Similar to the previous study, the 
predictivity of the models were evaluated through introduction of a validation set of 96 
samples (VS-3.6) which included pure herbal samples of DS, HQ and GG from all 
sources, equal portion of binary herbal mixtures (DS-HQ, DS-GG or HQ-GG) and 
equal portion of trinary herbal mixtures (DS-HQ-GG) prepared by mixing the 
corresponding herbs from source P. As shown from the corresponding RMSEP 
values, the predicting capacity of a model, in this case, was more dependent on the 
model layout which showed a fluctuation of 10% across them. The root mean square 
error for % HQ was found to be higher than the others and this could probably be due 
to the higher resemblance of NMR fingerprints among sources as observed in the 
PCA plot based on model layout of PLS-3.9 (Figure 3.14). Considering the overall 
performance and the relative simplicity of the model, PLS-3.10 was chosen for 
subsequent optimization. The effects of bin sizes and scaling methods on the 
predictivity of the models were also evaluated with VS-3.6 (Figure 3.15 and Figure 
3.16). In this case, a bin size of 0.02 ppm was the optimal for all except % GG while 
Par scaling gave the lowest RMSEP except for % DS-R and % GG which gave 
slightly better result with UV and Ctr respectively. Effect of changing the scaling on Y 
variables from Ctr to UV or Par was minimal. Hence, the bin size of 0.02 ppm and 
scaling methods of Par and Ctr for X- and Y-variables respectively were found to be 
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Figure 3.14 PLS score scatter plot of model layout PLS-3.9. In the denotation of APaBQbCRc: A-C represent Radix Codonopsis Pilosulae,  Radix Astragali and Radix 
Puerariae respectively, P-R represent source P, Q and R respectively while a-c represent the corresponding ratio of the herbs presents in the mixture. Bucket 













Plot of (a) RMSEE and (b) RMSEP values against the bin size for the source-specific 











































































Plot of (a) RMSEE and (b) RMSEP values against the scaling method for the 
source-specific DS-HQ-GG system with VS-3.6 as the validation set. 
 
Similar to the non-source-specific study, two additional validation sets were 
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portion of DS and HQ from sources P, Q and R (DS-P & HQ-Q, DS-Q & HQ-R, DS-R 
& HQ-P and DS-P & HQ-R) and VS-3.8 making up of 30 samples of either binary 
herbal mixtures of DS and HQ from 5% to 95% DS or trinary mixtures of DS, HQ and 
GG (Table 3.3). The increase in RMSEP observed in VS-3.7 indicated that the model 
could predict with a certain degree of error in source-specific quantification of herbal 
mixtures especially when the NMR fingerprints were highly similar (i.e. %HQ). On the 
other hand, the RMSEP values of VS-3.8 were similar to VS-3.6. From the results 
obtained from these two validation sets, we could deduce that a ‘calibration plot’ 
consisting of various compositions of herbs from specific combination of sources has 
to be included in the model construction for more accurate source-specific 
quantification of herbal mixture (i.e. below 10% of error). In our study, since various 
ratio of DS-P and HQ-P were included in the model building, the RMSEP were 
significantly lower when samples prepared from the same source were introduced to 




Quality control of traditional Chinese medicines is an important issue that has 
to be properly addressed for the continual modernization of TCM and the progress of 
other TCM-related research. The conventional sensory inspections based on 
appearance, taste and aroma are not ideal as a scientific benchmark for a quality 
guard not only because of its highly subjective qualification result but also the strong 
dependence on the skills and experiences of evaluators. Moreover, the preparations 
of TCMs in various preparations have destroyed the original physical characteristics 
and this makes evaluation more complex.[14, 78, 100] The scenario becomes more 
complicated when numerous medical plants are involved. This phenomenon is 
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strategy is an ideal solution for the quality assessment of botanical medicines. 
Together with various chemometrics strategies, HTS for the herbal identification and 
their relative quantification can be conducted simultaneously. 
In the earlier part of this chapter, adulterated samples of Radix Panacis 
Quinquefolii prepared by partial substitution of a closely related TCM, Radix 
Notoginseng were analyzed. The unsupervised PCA study indicates the feasibility of 
using NMR fingerprint as a quality marker. However, more accurate evaluation has to 
be performed using predictive model such as PLS analysis. Hence, PLS models 
based on various bin sizes and data pretreatment methods were constructed and 
evaluated. Under an optimized condition, a relative quantification of adulterant could 
be obtained with an error as low as 4%. Through appropriate adjustment of the 
training set and PLS model parameters, source-specific analysis can be conducted. 
The resulting optimized model allowed not only identification of the adulterant based 
on its taxonomy but its origin and its relative quantity.  
The feasibility of applying the NMR fingerprint-PLS modeling strategy in 
quality control of herbal composite formulae was investigated based on an arbitrary 
system of Radix Codonopsis Pilosulae, Radix Astragali and Radix Puerariae. The 
resulting PCA and PLS scatter plot indicates a linear correlation between the relative 
quantity of herbal substituent and certain features in the NMR fingerprints. Since 
there were more components in this study, PLS models based on various layouts 
were tested. Upon optimizing the bin size and scaling methods, an error of less than 
10% for individual herbs could be achieved. Selective information such as botanical 
origin could be obtained by introducing additional parameters to the multivariate 
model.  
This chapter presented the first study on detection of herbal adulterants and 
quality control of herbal mixture with NMR fingerprint-chemometrics approach. 
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composition can be obtained within a short data acquisition time of less than 5 min 
per sample. Due to the high reproducibility of NMR spectroscopy, establishment of 
herbal databank is highly feasible. Combining this library with various multivariate 
models, a statistical-proven system can be established to tackle various aspects of 
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Chapter Four 
Detection of Small Molecule Foreign 




While much emphasis on quality control of herbal medicines focus on 
identification of plant and detection of botanical adulterant with physical resemblance 
or chemically similar substituent, the presence of certain biologically active small 
molecules, for instance orthodox drug and agrochemical residues have been another 
major concern. Although herbal medical products or supplements are often perceived 
as harmless, natural and safer alternatives to synthetic drugs,[1-4] numerous reports of 
adulteration with western medicines have been published.[5-14] In a large scale 
investigation for adulteration of undeclared synthetic pharmaceutical substances 
present in TCMs,[10] 618 out of the 2609 samples collected from eight major hospitals 
in Taiwan were found to contain one or more synthetic drugs with four of them even 
consisting of six different adulterants. In many cases, the presence of these 
pharmaceuticals can be related to unprofessional practice of manufacturers to boost 
the therapeutic efficiency of their product or fulfill the curative claims.[15-19] There are 
several concerns about such adulteration. Since herbal remedies are exempted from 
the usual drug safety requirements,[20] such an unethical act could remain undetected 
unless there were reports on herb-induced adverse effects.[6, 21, 22] Moreover, as most 
of them are available over-the-counter, limited medical advices or guidance can be 
given to the consumers for the possible side-effects caused by these substances. 
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medicines remains, to a large extent, unknown, a detailed study in herb-drug 
interaction will be exigent.[21] Hence, the safety assessments related to this kind of 
polypharmacy is highly questionable.  
On the other hand, contaminants such as herbicide and pesticide residues 
have been another source of concern. As the society progresses, herbs which are in 
popular use are cultivated extensively.[2] To maintain a high production volume, 
chemicals such as fungicides, herbicides, pesticides and fertilizers have been 
employed to control pests, plant diseases and rival plants, as well as to improve the 
nutritional supply.[23] Excessive use of these chemicals would not only pollute the 
environment but also contaminate the botanical products. Since such synthetic 
substances can exert certain biological effects on living systems, adverse side-
effects on human can be expected if the crude drugs are mixed with these agents.[24-
27]  
The presence of these foreign substances could be selectively extracted and 
detected by dedicated systems such as GC-MS and LC-MS/MS if prior information is 
available.[28, 29] Correct separation condition and ionization technique can be selected 
based on the chemical nature of the target-of-interest. Suitable cleanup method and 
parent-daughter ion pair can also be chosen based on the sample, matric and 
operational condition. With the correct method design, these systems can often 
detect adulterant down to parts-per-trillion (ppt) level. However, in illicit attempts to 
evade detection of adulteration, pharmaceutical analogues or unexpected chemicals 
can be introduced. Without prior knowledge of the foreign substance, the 
performance of this target-specific analytical approach could be significantly affected. 
In this way, NMR provides an ideal alternate platform for untargeted screening. 
Unlike UV analysis which requires the presence of chromophore and MS for 
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proton-containing moiety at moderate concentration. This makes the unbiased 
detection of foreign substance more feasible. In this study, two sets of herbicides 
namely triazine-based herbicides and chlorinated herbicides were introduced into 
TCM sample. The former set of herbicide is used to demonstrate the possibility of 
selective quantifications of structurally similar substances. This is important because 
they possess different levels of toxicity. The chlorinated herbicide is used to illustrate 
the sensitivity of NMR fingerprinting towards very minute signals given by small 
molecules.  
 
4.2  Methods and Materials 
 
4.2.1 Plant Materials 
Dried herbs of Radix Puerariae were obtained from Eu Yang Sang (Plaza 
Singapura Outlet, Singapore) on 19th Feb 2009.  
 
4.2.2 Chemicals and Regents 
Deuterium oxide (D2O) (99.9%) was purchased from Cambridge Isotope 
Laboratories (Miami, FL, USA) and deuterium oxide (99.9%) containing 0.05% (wt%) 
of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid (TSP), sodium salt was purchased from 
Aldrich (Milwaukee, MI, USA). Sodium phosphate and orthophosphoric acid (purity 
85%) were acquired from Tee Hai Trading Company (Singapore). Water used (18 
MΩ) was purified with a Direct-Q system (Millipore, Billerica, MA, USA). Chlorinated 
herbicides, 2,2-dichloropropionic acid (Dalapon)  and 3,6-dichloro-2-methoxybenzoic 
acid (Dicamba) were purchased from Riedel-de Haën (Seelze, Germany) and Fluka 
(Buchs, Switzerland) respectively while triazine-based herbicides, namely 6-chloro-
N2-ethyl-N4-isopropyl-1,3,5-triazine2,4-diamine (atrazine),  N,N-diisopropyl-6-




134  |   
1,3,5-triazine-2,4-diamine (terbuthylazine) were obtained from Fluka (Buchs, 
Switzerland). 
 
4.2.3 Stock Solutions 
Stock solutions of the dalapon and dicamba were prepared at 5000 ppm in 
D2O solution while atrazine, prometryn and tetrabutylazine were prepared at 2500 
ppm in HCl/ D2O solution.  
 
4.2.4 Sample preparation for 1H NMR analysis  
 
4.2.4.1 Preparation for the herbal extract 
The dried Radix Puerariae samples used in this study were blended and 
ground to fine powder with a blender (Philips HR2870, Holland, Netherlands).  In the 
study involving triazine-based herbicides, 0.5 g of pulverized sample was added to 
2.5 ml of 0.1 M HCL while 1 g of pulverized sample was added to 2 ml of 0.1 M HCl 
in the study of chlorinated herbicides. The samples were sonicated in ice water for an 
hour before being centrifuged at 14 000 rpm in a microcentrifuge (Profuge 14K) for 
10 min.  
 
4.2.4.2 Preparation for chlorinated herbicides-containing samples 
To the supernatant of herbal extract (405 µL), phosphate buffer (H3PO4: 
NaH2PO4=1:1) in D2O (1 M, 64.8 µL), internal standard containing 0.05 % (w/v) 
sodium salt of TSP in D2O (60 µL) and various amount of herbicides from stock 
solution were added. The final volume was topped up to 600 µL with D2O prior the 
transfer into a NMR tube (5 mm o.d., 7 inch length, Norell) for analysis. Each sample 
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4.2.4.3 Preparation for triazine herbicides-containing samples 
To the supernatant of herbal extract (270 µL), phosphate buffer (H3PO4: 
NaH2PO4=1:1) in D2O (1M, 64.8 µL), internal standard containing 0.05 % (w/v) 
sodium salt of TSP in D2O (60 µL) and various amount of herbicides from stock 
solution were added. The final volume was topped up to 600 µL with D2O prior to 
transfer into a NMR tube (5 mm o.d., 7 inch length, Norell) for analysis. Each sample 
was only analysed once with NMR.  
 
 
4.2.4.4 Preparation for herbicide-incubated herbal extract 
Various amount of herbicides were spiked into the pulverized sample and 
incubated at RT for 30 min prior extraction with 0.1 M HCl sonication in ice water for 
an hour. Extraction and sample preparation procedures were as mentioned above. 
 
4.2.5 NMR Spectrometry  
1H NMR spectra were recorded at 25 °C on a Bruker DRX 500 MHz FT NMR 
spectrometer with a triple resonance cryoprobe head, operating at 500.23 MHz 
observation frequency. The samples were analyzed with water suppression which 
was acquired using the improved WATERGATE pulse sequence (W5 version, Bruker 
pulse program, zggpw5.ppg) with relaxation delay of 1 s. Typically, 64 scans were 
collected with 32K data points over a spectra width of 7002 Hz and an acquisition 
time of 2.3 s and TSP was used as a reference for chemical shift (0.00 ppm). The 
processing of each spectrum was carried out using XWINNMR 3.5 (Bruker Biospin, 
Rheinstetten, Germany). Phasing of NMR spectra was performed by the automated 
phase correction function of XWINNMR 3.5 and was further fine-tuned manually 
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4.2.6 Data Analysis 
The 1H NMR spectra were automatically reduced to ASCII files using AMIX 
Statistics (v. 3.8.6, Bruker Biospin). Spectral intensities were scaled to total intensity 
and reduced to integrated regions of equal width (0.005 – 0.100 ppm) corresponding 
to the region of 0.60 – 9.50 ppm, while those of the water signal between 4.52 and 
5.20 ppm were eliminated. Projection to latent structures (PLS) modeling was 
performed with the SIMCA-P 12.0 software (Umetrics, Umea, Sweden) with various 
types of scaling, namely, unit variance (UV), Pareto (Par), centering without scaling 
(Ctr) and no scaling (none) being used as a pre-processing method.  
 
In the all the experiments conducted in this chapter, the preparation of NMR 
samples were assisted by Janice Lim S. M. while the experimental design, data 
acquisition, model construction, optimization and interpretation were performed by 
Lau Hiu Fung. 
 
4.3  Result and Discussions 
 
4.3.1 Detection and Identification of Structurally Similar Triazine Herbicides 
from NMR Fingerprints of Radix Puerariae  
The physical and chemical properties of the three triazine-based herbicides 
were shown in Table 4.1. Since all of them consist of a common triazine skeleton 
with numerous amine-groups attached, acidic extractant is required to extract the 
basic herbicides through protonation of the basic amino moieties and enhance their 
solubility in the aqueous media. Hence, all Radix Puerariae samples involved in this 
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Table 4.1 The physical and chemical properties of three triazine-based herbicides.  
 
 Atrazine Prometryn Terbutylazine
CAS number 1912-24-9 139-40-2 5915-41-3 
Chemical 
Structures 
   
Description[30] White crystalline powder White crystalline  Colorless powder 
Formula C8H14ClN5 C10H19N5S C9H16ClN5 
Molecular mass 215.7 241.4 229.7 
pKa (at 20 °C)[30] 1.7 4.09 2.0 
Median Lethal 
Dose (LD 50) 
Organism: Rat 
Route: Oral 
3000 mg/kg[31] 2100 mg/kg[32] 2160 mg/kg[33] 
 
 
4.3.1.1 Visual Observations of the NMR Fingerprints of Samples Contaminated 
by Structurally Similar Herbicides  
 The NMR spectra with Radix Puerariae spiked with atrazine, prometryn and 
terbuthylazine were shown in Figure 4.1. Visual observation of the full range spectra 
showed that the chemical profile of the various Radix Puerariae samples were highly 
similar except in the range 1.0 to 3.5 ppm where certain discrepancies were 
observed. The enlarged spectra allowed a clearer differentiation of the clean and 
‘contaminated’ samples. Resonances at 1.15-1.30 ppm, 1.40-1.50 ppm, 2.50-2.60 
ppm and 3.00-3.10 ppm appeared to be signal given by various herbicides.  
A comparison can be made between the observed NMR fingerprint and that 
of the calculated spectra of individual pesticides for resonance assignment (Figure 
4.2). Although certain degree of discrepancies was expected between the 
experimental and computed values due to the differences in solvent system, 
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36] correlation of the chemical structures of the herbicides and the variation observed 
among the NMR spectra could be made. While the resonances of the amino protons 
were masked by the intense signals of Radix Puerariae in the sugar and 
carbohydrate region, the remaining resonance could be easily assigned based on 
their chemical shifts. Differences in resonance signals at 1.15-1.30 ppm could 
possibly due to the terminal aliphatic proton, namely HA and HB of atrazine and HA of 
prometryn and those at 1.40-1.50 ppm could be assigned to the protons on tBu-
moiety of terbuthylazine. The unresolved resonances at 3.00-3.10 ppm could be due 
to the alpha-proton adjacant to the amino group. Since this is a common fragment 
among all the three herbicides, the shapes of these resonances are highly similar 
among the ‘herbicide-contaminated’ samples. A small hump observed in the range of 
2.50-2.60 ppm is a unique NMR feature for prometryn and this could probably due to 
the alpha-proton next to the thioether moiety of this herbicide.   
This study demonstrated the strength of NMR in differentiating between 
contaminants with similar structures. The fine differences in the molecular structures 
of the three triazine-based herbicides allowed them to be differentiated even in a 










NMR spectra of Radix Puerariae (a) without spiking with any herbicide and spiked 90 
µg of (b) atrazine, (c) prometryn and (d) terbuthylazine in the range of 0.60-9.50 ppm 
and their corresponding spectra (e)-(h)  in the range of 0.60 – 4.00 ppm. Highlighted 














The calculated NMR spectra of (a) atrazine, (b) prometryn and (c) terbuthylazine. 
(ChemBioDraw Ultra 11.0, CambridgeSoft). 
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4.3.1.2 PCA and PLS Studies on NMR Spectra of Samples Contaminated by 
Structurally Similar Herbicides 
PCA studies (PCA-4.1 to PCA-4.3) consisting of 32 independent samples 
with different amount of herbicides spiked into the herbal extracts were constructed 
for each of the triazine-based herbicides (Figure 4.3- Figure 4.5). In all three PCA 
score scatter plots, individual samples were distributed based on the amount of 
herbicides present in the sample with the score value reduced as the amount of 
contaminants increased. On the other hand, the second principal component 
separated samples according to their natural diversities. In the previous section, we 
have attempted to account for the differences observed between pure herbal extract 
with herbicide-contaminated samples. Similar deductions could be made through 
inspecting the corresponding loading plot. In the case of atrazine, the signals 
observed at chemical shifts 1.23 ppm and 1.25 ppm were found to be the 
discriminating factor among the herbal extract spiked with different amount of 
herbicide while an additional point of 2.55 ppm was found in the loading plot of the 
prometryn study. The resonance observed at 1.47 ppm was found to be responsible 
for the separation of herbal samples according to the amount of terbuthylazine added. 
Among all the three PCA studies, bins corresponded to the 3.03 ppm and 3.05 ppm 
were observed at the left hemisphere of the loading plots and this indicates that the 
herbicides contained certain common features in NMR spectra. Based on our 
previous resonance assignments, these signals were due to the alpha-proton 












(a) Score scatter plot and (b) loading plot of the PCA-4.1 based on the NMR 
fingerprints of 32 herbal samples spiked with various amount of atrazine. Bin size: 












(a) Score scatter plot and (b) loading plot of the PCA-4.2 based on the NMR 
fingerprints of 32 herbal samples spiked with various amount of prometryn. Bin size: 













(a) Score scatter plot and (b) loading plot of the PCA-4.3 based on the NMR 
fingerprints of 32 herbal samples spiked with various amount of terbuthylazine. Bin 





 | 145  
Since samples were well-distributed along PC1 according to the amount of 
herbicide present, linear correlation between the latter and the NMR fingerprint of the 
sample could be anticipated. Hence, corresponding PLS models, namely PLS-4.1 to 
PLS-4.3 were constructed with the same training set. The score scatter plot based on 
the first summary of the NMR fingerprint (t[1]) and that of relative herbal content (u[1]) 
reflects a linear relationship between these two components which could be fitted 







Score scatter plot of the PLS models, PLS-4.1, constructed based on a series of 
‘contaminated’ Radix Puerariae samples with atrazine: the first summary of NMR 
fingerprint (t[1]) and that of relative quantity (u[1]). Bucket size:  0.02 ppm; Scaling 










Score scatter plot of the PLS models, PLS-4.2, constructed based on a series of 
‘contaminated’ Radix Puerariae samples with prometryn: the first summary of NMR 
fingerprint (t[1]) and that of relative quantity (u[1]). Bucket size:  0.02 ppm; Scaling 






Score scatter plot of the PLS models, PLS-4.3, constructed based on a series of 
‘contaminated’ Radix Puerariae samples with terbuthylazine: the first summary of 
NMR fingerprint (t[1]) and that of relative quantity (u[1]). Bucket size:  0.02 ppm; 
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4.3.1.3 Construction of a Predictive Model for Identification and Quantification 
of Structurally Similar Herbicides 
In the earlier sections, we have observed that the three triazine-based 
herbicides involved in this study gave rise to different features observed in the NMR 
fingerprints and individual multivariate models could capture these characteristic 
details and correlate them with the amount of contaminants present. Hence, in this 
section, a single predictive model was constructed to detect and quantify these toxic 
pollutants.  
The samples used to build the predictive model could have significant effect 
on the quality of the model and, in turn, its predictive capability. Hence, PLS models 
with various layouts were constructed with each layout consisting different number 
and types of herbicide-contaminated samples (Table 4.2). A validation set (VS-4.1) of 
another 57 Radix Puerariae samples spiked with various amount of triazine-based 
herbicides were introduced to the model to evaluate the predictivity. The R2 and Q2 
ranged from 0.79 to 0.87 and 0.95 to 0.97 indicating the training set was fairly well-
explained and validated and this correspond to a relatively low RMSEE range from 
3.97 to 6.87. Among all the herbicides, the RMSEP of terbuthylazine improved most 
drastically from 10.27 to 4.72 as the size of the training set increased from 16 
samples in PLS-4.4 to 40 samples in PLS-4.6. 
Similar to all the earlier PLS model studies, bin size and scaling were 
optimized (Figure 4.9). Both atrazine and prometryn gave V-shape plots with a 
turning point at 0.02 ppm while terbuthylazine reached a maximum value at 0.01 ppm 
before its RMSEE and RMSEP reduced gradually with bin size. A compromised bin 
size of 0.02 ppm was chosen for subsequent analysis. In the evaluation of scaling 
methods, Par was found to give the worst result while Ctr and UV were comparable 
except for the RMSEP of atrazine and terbuthylazine which were significantly lower 
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Table 4.2 Performance of the predictive PLS models (PLS-4.4 to PLS-4.6) and their relative model layouts. Every symbol used in the model layout represents one 
independent sample. The RMSEP used for the estimation of the predictivity power of the model were obtained based on introduction of VS-4.1 as an 
unknown validation set.   
 
PLS model PLS-4.4 PLS-4.5 PLS-4.6 
 
 
 Legend    
 
Common Parameters      
Bin size 0.02 ppm Scaling on X-variables Par Scaling on Y-variables Ctr 
Model Parameters         
R2  0.874 0.847 0.787 
Q2  0.974 0.968 0.945 
Root Mean Square Error RMSEE RMSEP RMSEE RMSEP RMSEE RMSEP 
Atrazine 4.56 8.44 4.86 8.48 4.76 6.90 
Prometryn 6.87 7.92 6.27 7.27 5.56 6.56 












Optimization of PLS-4.6. Plot of RMSEE and RMSEP against (a) bin size and (b) 
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The entire analytical method and the optimized model were evaluated with 36 
Radix Puerariae samples. (VS-4.2) Instead of direct introduction of the herbicides 
into the herbal extract, these series of samples were incubated with various amount 
of herbicides for 30 min prior to extraction. The R2 and Q2 values of the optimized 
model were 0.963 and 0.962 respectively with a RMSEE of 4.18, 3.56 and 2.81 for 
herbicide atrazine, prometryn and terbuthylazine respectively. With the introduction of 
VS-4.2, the RMSEP of atrazine, prometryn and terbuthylazine were found to be 4.52, 
2.27 and 3.60 respectively. These values indicate the system is able to detect this 
series of triazine-based herbicides with error less than 5 µg per 0.5 g of herbs for 
individual herbicides. 
 
4.3.2 Detection of Small Chlorinated Herbicides from NMR fingerprints of 
Radix Puerariae  
Unlike the triazine-based herbicides, the two chlorinated herbicides chosen 
for this analysis gave rise to only one or two sets of resonance signals in their NMR 
spectra due to the rapid exchange of the acidic proton with deuterium in the NMR 
sample in aqueous medium (Figure 4.10). The presence of these substances will 
only induce a slight changes in the NMR profile of the herbal extracts. In this way, the 
capacity of NMR profiling approach in the detection and monitoring of very simple 














4.3.2.1 Establishment of Predictive PLS model 
Predictive PLS models were constructed with different model layouts and a 
validation set (VS-4.3) consisted of 43 chlorinated herbicide-spiked samples were 
utilized (Table 4.3). The NMR analyses of these samples were spanned across two 
weeks so that the effect time-dependent factor on this prediction model could be 
investigated. Large RMSEP values were observed for both dalapon and dicamba for 
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structures present in the NMR fingerprint of the herbal extract. Hence, any 
instrumental drifting would induce error in calculating the amount of this pesticides 
presents. In an attempt to further optimize the system, the bin size and the scaling 
methods were investigated (Figure 4.11). 
The root mean square errors of dalapon and dicamba increased drastically 
with bin size. This could probably be due to the limited amount of resonances 
induced by the herbicides. An increase in the bucket width would cause the signals 
from herbicides to be masked by the huge neighboring resonances. A correct 
definition of this parameter would allow dedicated spectral bins to monitor the 
presence of contaminants. Hence, a bin size of 0.005 ppm was chosen for the 
subsequent optimization. The effect of data pretreatment with UV, Par and Ctr were 
tested. No component was generated for the case of UV which could probably due to 
the loss of trend after extreme scaling. Among Par and Ctr, the latter was found to be 
superior over the former. With Ctr, RMSEP of 5.88 and 18.18 were achieved with VS-
4.3 under the optimized condition for dalapon and dicamba respectively. The 
applicability of the developed analytical method with this prediction model on 
herbicide-contaminated sample was evaluated through an additional validation set, 
VS-4.4. This test set contained 14 samples of Radix Puerariae with 24 µg of either 
dalapon or dicamba being introduced to the pulverized herbs and incubated for 30 
min prior extraction. The resulting RMSEPs of dalapon and dicamba were found to 
be 3.73 and 14.75 respectively, indicating the feasibility of this approach in the 
analysis of chlorinated herbicides in TCM. Nevertheless, the larger error for detection 
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Table 4.3 Performance of the predictive PLS models (PLS-4.7 to PLS-4.9) and their relative model layouts. Every symbol used in the model layout represents one 
independent sample. The RMSEP used for the estimation of the predictivity power of the model were obtained based on introduction of VS-4.3 as an 
unknown validation set.   
 
PLS model PLS-4.7 PLS-4.8 PLS-4.9 
 
 




Common Parameters      
Bin size 0.02 ppm Scaling on X-variables Par Scaling on Y-variables Ctr 
Model Parameters         
R2  0.897 0.522 0.916 
Q2  0.941 0.6 0.885 
Root Mean Square Error RMSEE RMSEP RMSEE RMSEP RMSEE RMSEP 
Dalapon 2.16 8.28 11.68 50.03 1.58 28.40 













Optimization of PLS-4.9. (a) Plot of RMSEE and RMSEP with bin size and (b) the 
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4.3.2.2 Visual Observations of the NMR Spectra of Chlorinated Herbicide-
Containing Sample 
To investigate the reason for poor detection of dicamba from NMR 
fingerprinting approach, the NMR spectra with Radix Puerariae spiked with dalapon 
and dicamba were evaluated (Figure 4.12). The resonance corresponded to the 
aliphatic protons on dalapon could be easily observed at around 2.25 ppm while the 
proton on the ether-moiety of dicamba was masked by signals from the complex 
herbal matrix. Nevertheless, upon enlarging the aromatic section of the spectra, fine 
differences were observed in the range of 7.20 ppm to 7.30 ppm, as well as, 7.35 
ppm to 7.50 ppm.  This signal could be due to the adjacent aromatic protons on the 
dicamba. 
Since the intensities of the aromatic resonances were relatively low compared 
to those in the aliphatic, sugar and carbohydrate regions, the small changes induced 
by dicamba could have been missed out in the chemometrics analysis. To justify this, 
a new prediction model which was based on the layout of PLS-4.9, was constructed. 
In this model, (PLS-4.10) only resonances observed in the aromatic section were 
considered. The corresponding score scatter plot reflects an increase in scores on 
both first and second components as the amount of dicamba present in the herbal 
extract increased (Figure 4.13a). From the loading plot, the discriminating 
resonances were observed at 7.23-7.25 ppm and 7.43-7.45 ppm. This agreed with 










NMR spectra of Radix Puerariae (a) without spiking with any herbicide and spiked 60 
µg of (b) dalapon and (c) dicamba in the range of 0.60 – 9.50 ppm and their 












(a) Score scatter plot and (b) corresponding loading plot of PLS-4.10 based on the 
NMR fingerprints at the aromatic region (6.00-9.50 ppm) of 32 herbal samples spiked 
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The new model was assessed by a validation set (VS-4.5) consisting of 65 
dicamba-spiked Radix Puerariae samples. Upon varying the bin size and scaling 
methods (Figure 4.14), the optimum parameters for PLS-4.10 were found to be a 
bucket size of 0.06 ppm with Ctr as data pretreatment for X- and Y-variables. The 
feasibility of employing the developed analytical method with this new prediction 
model in the estimation of the amount of dicamba present was evaluated through the 
introduction of the dicamba-incubated samples. This validation set (VS-4.6) 
contained eight samples of dried Radix Puerariae that were spiked with 24 µg of 
dicamba and were incubated for 30 min prior extraction. The resulting RMSEP was 
found to be 8.83 which was approximately half of that obtained in PLS-4.9 (Table 
4.4). This shows that the specific spectral regions can be used to selectively detect 
the foreign substances.  Although additional models might have to be built with 
different spectral range for the analysis of various classes of compounds, no 












Optimization of PLS-4.10. (a) Plot of RMSEE and RMSEP with bin size and (b) the 
















































160  |   
Table 4.4 Parameters and performance of the optimized PLS models constructed for the analysis of chlorinated herbicides. (N.A. = Not Applicable) 
 
PLS model PLS-4.9
(Spectral range: 0.06-9.50 ppm) 
PLS-4.10
(Spectral range: 6.00-9.50 ppm) 
 
 
 Legend      
 
Optimum parameters      
 Bin size 0.005 ppm Scaling X:Ctr Y: Ctr Bin size 0.06 ppm Scaling X: Ctr Y: Ctr 
Model Parameters 
 R2 0.934 Q2 0.670 R2 0.962 Q2 0.987 
Root Mean 
Square Error 
RMSEE RMSEP (VS-4.3) RMSEP (VS-4.4) RMSEE RMSEP (VS-4.5) RMSEP (VS-4.6) 
Dalapon 0.80 5.88 3.73 N.A. N.A. N.A. 
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4.4 Conclusion 
 
In this chapter, detection of foreign substances through NMR fingerprinting 
has been successfully demonstrated. Due to the working mechanism of NMR, 
structurally similar herbicides such as atrazine and terbuthylazine could be identified 
and individually quantified with a single PLS model. In the analysis of both incubated 
and post-extracted spiking samples, an error of less than 5 µg per 0.5 g of herb could 
be achieved with the optimized model.   
On the other hand, dalapon and dicamba represent some extremely small 
molecules which give at most two set of resonances in the NMR spectra. In the 
former case, an error of less than 6 µg per gram of herb could be obtained with a 
typical PLS model. However, a region-specific study was found to be necessary for 
dicamba to reduce the related error from 19 µg per gram of herb down to 9 µg per 
gram of herb. This was due to the masking of aliphatic protons on the ether moiety of 
dicamba by the complex plant matrix while the aromatic protons underwent virtual 
coupling giving rise to a less intense multiplet signal in NMR analysis. 
It is important to note that, other than sonication, no selective sample 
pretreatment such as solid-phase extraction or liquid extraction has been performed 
to simplify the herbal matrix prior data acquisition with NMR. Compound specific 
extraction method could also be employed to reduce interferences from the 
phytochemical ‘background’ and to amplify the signal of interest to further reduce the 
error. However, thorough optimization of the extraction procedures is not in the scope 
of the current study since the main focus of this project mainly centered on the 
evaluation of the strategy in detection of small foreign substance and to formulate a 
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Chapter Five  
Conclusion and Future Work 
There has been a long history of the use of herbal medicines by mankind for 
various curative treatments. While the population in the developing nations relies on 
botanical medicines as their primary form of health care, they exist as alternative or 
complementary medications for the developed world. Since medical plants do not 
belong to the mainstream therapeutic treatments, they are often exempted from the 
usual drug safety requirements. Furthermore, due to the fundamental difference in 
working mechanism of herbal medicals and synthetic western drugs, conventional 
method has limited application in the quality control of herbal plants and their 
commercial products. 
A chemical fingerprinting approach has been proposed and recommended by 
authorities and regulatory worldwide. It does not only preserve the integrity of the 
plant-based medicines but also its synergic mechanisms. Based on the idea of 
phytoequivalence, similarity studies between fingerprints obtained from authentic 
samples and materials of interest have been employed for identification of botanical 
medicines. However, due to the complexity of the phytochemical constitution and 
possible instrumental fluctuations, scientific evaluations of the complex chemical 
profiles have been a complicated task. Furthermore, there exist far too many medical 
plants in the world. Availability of authentic samples for routine evaluation of herbal 
products can be limited. Hence, fingerprint database can be one possible solution. In 
this study, NMR was chosen to be the instrumental platform due to its high 
reproducibility, non-selective and simplicity in sample preparations. It allows not only 






Traditional Chinese medicine (TCM) was used to demonstrate the feasibility of this 
approach in our investigation. 
Various aspects of quality control of TCMs have been addressed in this thesis. 
Identification of the species of the plant is the fundamental requirement for the TCM 
quality system. The NMR fingerprints of the TCMs could be introduced into various 
chemometric models for similarity evaluations. According to our study, due to the 
stability of the system and reproducibility of the method, the established PLS-DA 
model was found to be robust for unknown herbal identification with accuracy up to 
99.5%. Since the characteristic features could be identified in the herbal fingerprint of 
individual plant type, a single source would be sufficient for the identification of 
unknown herbal materials with the percentage of misclassification as low as 6.8%. 
Application of this system was not limited to dried herbs only. Classification of 
commercial formulations such as capsule, powder and tablet could be performed 
without any error. Since the composition of secondary metabolites is highly 
dependent on the environment of growth, these discrepancies can be employed to 
construct PLS-DA models for identification of herb origin. Out of the four tested 
models, all except one achieved 100% classification.  
Substitution of precious medical plants with low-cost herbal materials has 
been often reported. However, there has yet to be a system being reported for 
probing such adulteration. Visual identification of the adulterated sample could be 
highly challenging. With the fact that NMR fingerprints contain characteristic features 
of each plant type, multivariate model was built for the detection of adulterants. With 
this PLS model, an error in determining the relative quantity of herbal adulterant was 
as low as 4% with the Radix Panacis Quinquefolii-Radix Notoginseng system. Similar 
approach could be applied to the quality control of herbal formula, an unexplored 






formula of Radix Codonopsis Pilosulae-Radix Astragali-Radix Puerariae. Although 
the model was established based on samples obtained from a single source, it was 
found to be applicable to samples prepared from raw materials purchased from 
different commercial supplies. The error involved in predicting the relative content of 
any one component was found to be less than 10%. Source-specific models could 
also be built with an expanded training set. However, the predictivity was highly 
dependent on the similarities of the chemical compositions between samples of 
different sources. The error involved can fluctuate from 3.9 % to 23.0%. 
Detection of small molecule foreign substances is important in the prevention 
of adulteration with orthodox drug or contamination with environmental pollutants. In 
our study, three structurally similar herbicides, namely atrazine, prometryn and 
terbuthylazine were introduced in to the Radix Puerariae extract. Rough estimation of 
the quantity of contaminant could be achieved through visual inspection of the 
unsupervised PCA score plot while a more accurate prediction could be achieved 
with a PLS model. Upon optimization, quantification of all the three herbicides could 
be achieved with a single model with an error less than 5 µg per 0.5 g of herb. This 
strategy was further evaluated with even simpler molecules, viz. dalapon and 
dicamba with none of them gives rise to more than two sets of resonances signals in 
the NMR spectra. Based on a full range NMR fingerprint from 0.60-9.50 ppm, the 
optimized model could predict the dalapon with an error of less than 6 µg per gram of 
herb. For the analysis of dicamba, the aromatic segment of the NMR fingerprint was 
utilized for PLS model construction and an error of less than 9 µg per gram of herb 
could be obtained. 
In this thesis, a high throughput screening strategy with a short data 
acquisition time of less than 5 min for the quality control of TCM samples was 
presented. Nevertheless, a number of limitations could be foreseen in the practical 






selected as the extractant for the analysis, not only because of its popular usage in 
the preparation of herbal medications, but also the fact that it gives rise to a single 
resonance in the NMR study. Since the pulse program employed allows only one set 
of NMR signal to be suppressed, the solvent systems that could be incorporated into 
the method were restricted. As there is substantial population of the phytochemicals 
that are less or non-polar, certain characteristic metabolites might have been lost 
during the extraction procedures and hence, were not considered in the model. The 
predictive power of the platform would, therefore, suffer.    Furthermore, a limited 
choice of extractant might potentially prevent certain classes of unknown foreign 
contaminants or adulterants to be identified in the non-targeted screening process. 
Since water might not be the ideal solvent for these compounds, inadequate 
extraction could substantially reduce the probability of the abnormality in the sample 
to be captured by the fingerprint predictive model. Beside the concerns on the 
solvent system, the resolution limits of the instrumental hardware might pose another 
restriction on the applicability of the proposed strategy. As observed in the study of 
dicamba-contaminated TCMs, the model failed to differentiate the inferior samples 
due to the masking effect of the complex herbal matrix. Although an adjustment of 
analytical range in the NMR fingerprint could provide a partial solution to the issue, 
this restricted the universal application of the method.  
Yet, the aforementioned pitfalls can be potentially solved with the 
advancement of the NMR technologies. New pulse programs which permit 
suppression of multiple resonances have been written and proven to allow analysis 
to be performed in the presence of solvent mixture. Higher resolution can also be 
achieved with the improvement of hardware design which allows more detailed 
fingerprints to be obtained. Hence, the full potential of the proposed methodology has 






The results presented in this work have provided significant evidence to 
support the NMR fingerprinting-chemometric approach as a promising analytical 
strategy for the quality control of the herbal medicines. Since all the analysis involved 
were based on the idea of phytoequivalence, it is important to obtain high quality 
authentic samples for fingerprint comparisons. The studies presented in this thesis 
were initiated as proof of concepts. Both the authenticity and quality of the herbs 
were safeguarded by the quality control systems of individual sources. Traditionally, it 
was believed that the ‘Didao’ sources produce the top grade TCMs. However, as the 
cultivation environment changed over the years, the soil condition, climate and other 
abiotic factors varied and so do the quality of the plant produced in that region. Since 
there is no written record describing the various characteristics of ‘Didao’ samples, 
scientists need to look for the new, scientifically defined ‘Didao’ sample in our era. 
Evaluation of the quality of TCMs can be tricky. In an ideal situation, it should 
produce maximum therapeutic effects to a given condition. However, since medical 
plants work based on synergic effect, identification of bio-active markers and utilizing 
them as quality indicators may not be the most correct approach. Hence, correlation 
of fingerprints with the biological activities is necessary for identification of the new 
era ‘Didao’ sample and the related quality control measures thereafter.  
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